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Abstract
Observations at radio wavelengths demonstrate the existence of cosmic rays and mag-
netic ﬁelds in the Universe. Studies of galaxy clusters have revealed sources of diﬀuse
radio emission associated with the merger driven shocks and turbulence in the ICM:
relics and halos. This thesis present the results obtained from deep radio observations
of two individual galaxy clusters.
The galaxy cluster 1RXSJ0603.3+4214 hosts a bright relic, known as the Toothbrush,
and a giant radio halo. The cluster was observed with the VLA covering a frequency
range of 1−2GHz.
The new VLA images provide an unprecedented view of the Toothbrush, revealing
enigmatic ﬁlamentary structures. The complexity of the ﬁlamentary structures rule
out the fact that relics are caused by a smooth shock surface. In L-band, the handle
of the Toothbrush is strongly polarized, as high as 60%, while the “brush” is almost
completely depolarized. The fractional polarization in the “handle” decreases only
moderately towards longer wavelength. Rotation Measure (RM) synthesis analysis
reveals that the ﬁlamentary features in the low density region (B3) show a shift in
RM of ∼ 30 radm−2 while in the denser region (B2), the shift in RM increases to
∼ 50 radm−2.
The VLA observations conﬁrm the presence of extended halo. The average spectral
index of the halo is −1.16 ± 0.05. The southern part of the halo is steeper and is
possibly related to a shock. Excluding the southernmost part, the halo morphology is
strikingly similar to the X-ray morphology. The sensitive high resolution radio maps
also reveal thirty-two previously undetected compact sources within the halo region.
For another cluster CIZAJ0649.3+1801, we conﬁrm the presence of a diﬀuse emission
source. The cluster was observed with the WSRT. The source is polarized, has a
steep spectrum, and shows a hint of spectral gradient towards the cluster center. This
evidence suggests that it is a radio relic.

vAbstrakt
Radiobeobachtungen bestätigen immer wieder aufs Neue die Existenz von kosmis-
cher Strahlung und Magnetfeldern im Universum. Studien über Galaxienhaufen haben
Quellen diﬀuser Radioemission entdeckt, welche mit dem Haufengas assoziiert sind:
relikte und halos. Diese Arbeit zeigt die Ergebnisse der tiefen Radiobeobachtungen
von zwei verschmelzenden Galaxienhaufensystemen.
Der Galaxienhaufen 1RXSJ0603.3+4214 zeigt ein leuchtkräftiges Radiorelikt, bekannt
als Toothbrush, und einen ausgedehnten, riese Radiohalo. Das System wurde mit dem
VLA im Frequenzbereich von 1−2GHz beobachtet.
Die in dieser Arbeit erstellten Bilder zeigen das Toothbrush in einem bisher unerreichten
Detail. In diesen Bildern sind die faszinierenden ﬁlamentartigen Strukturen des Relikts
sichtbar. Die Polarisationsanalyse zeigt erstmals, dass ‘der Griﬀ’ (B3) des Toothbrush
im Bereich von 1−2GHz stark polarisiert ist. ’Die Bürste’ hingegen ist fast vollständig
depolarisiert. Der Polarisationsgrad in der Region geringerer Dichte (B3) innerhalb
des L-Bandes nimmt nur moderat zu längeren Wellenlängen hin ab.
Die VLA-Beobachtungen bestätigen ebenfalls die Emission eines ausgedehnten Radio-
halos. Der mittlere Spektralindex von des halos beträgt −1, 16 ± 0, 05. Der südliche
Teil des Radiohalos weist ein steileres Spektrum auf und steht wahrscheinlich direkt
mit einer Stoßfront im Zusammenhang. Ausgenommen dieses südlichen Teils ähnelt
die Morphologie des Radiohalos auﬀällig der Morphologie im Röntgenbereich. Die
hohe Güte der Radiokarten erlaubt die Detektion mindestens dreiundzwanzig zuvor
unbekannter kompakter Radioquellen.
Der Galaxienhaufen CIZAJ0649.3+1801 wurde mit demWSRT im L-band beobachtete.
Diese Beobachtungen bestätigen die Existenz einer diﬀusen Quelle. Die Quelle hat ein
steiles Radiospektrum, polarisiert und zeigt Hinweise eines Spektralindexgradienten
zum Haufenzentrum hin. Wir klassiﬁzieren diese Quelle als Radiorelikt.
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1Chapter 1
Introduction
The primary targets of the research carried out in this thesis are large scale diﬀuse radio
emission sources observed in galaxy clusters. In this chapter, we give an overview of
galaxy clusters, their properties, and the physics of relevant emission mechanisms.
The multi-wavelength observations of galaxy clusters provide interesting insights into
cluster physics, in particular about diﬀuse radio emission. Since the majority of the
work presented in the present thesis is based on radio observations, the synchrotron
emission is discussed in detail in this chapter. The remaining part of the present thesis
is structured as follows:
In Chapter 2, we introduce diﬀuse radio emission, namely radio relics, radio halos, and
radio mini-halos. We review their properties and describe the underlying acceleration
mechanisms responsible for the origin of these large scale structures.
In Chapter 3, 4, 5, 6, and 7, we present the deep Karl G. Jansky Very Large Array
(VLA) observations of the merging galaxy cluster 1RXS J0603.3+4214. These obser-
vations were performed with four principal questions in mind: (i) to understand the
origin of diﬀuse radio emission; (iii) to study the total intensity features at high reso-
lution, as high as 1 arcsec; (iii) to investigate the magnetic ﬁeld structure through the
polarization analysis; (iv) to measure the Rotation Measure (RM) ﬂuctuations at high
resolution using Rotation Measure Synthesis technique.
In Chapter 8, we present Westerbork Synthesis Radio Telescope (WSRT) observations
of the little studied galaxy cluster CIZAJ0649.3+1801. The aim was to investigate the
spectral and polarization properties of a perviously detected diﬀuse emission source.
In the end, we summarizes the main ﬁndings of this thesis.
1.1 Galaxy clusters
The formation and evolution of large scale structures of the Universe are dominated by
the ﬂow of dark matter (i.e., an invisible material that does not emit or absorb light
but can be detected through its gravitational eﬀects), which under the action of gravity
form knots, ﬁlaments, and halos, collectively known as the cosmic web (Jõeveer et al.,
1978; Springel et al., 2005). The baryonic matter moves in the gravitational potential
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of the dark matter distribution, along these cosmic ﬁlaments. At the intersection of
cosmic ﬁlaments, where the densest concentrations of dark matter exist, lie the largest
virialized systems in the Universe: massive clusters of galaxies.
Galaxy clusters are the most massive, gravitationally bound systems in the Universe.
They are characterized by masses of the order of 1014−1015M⊙ and sizes of the order
of 1−4Mpc 1. (Ettori et al., 2013). Galaxy clusters form by accretion of gas and by
mergers with other clusters and galaxy groups.
Observations of galaxy clusters in diﬀerent bands of the electromagnetic spectrum can
probe diﬀerent structural components. From optical observations, we can study the
tens to thousands of galaxies, concentrated in large over-density regions that make
up a cluster. Weak gravitational lensing allow us to study the distribution of mass
in clusters through the coherent distortion it produces on the images of background
galaxies (Clowe et al., 2006). Indeed, it is well known that 70%−80% of the cluster
mass is in the form of dark matter. The remaining mass is baryonic matter, distributed
among galaxies (2%−3%) and a hot plasma, the so called intracluster medium (ICM)
(see Section 1.2), which typically represents 15%−25% of the cluster mass. The X-ray
observations provide information about the ICM and the dynamical state of a cluster.
In recent years, a large number of clusters has been detected in the microwave regime
using the Sunyaev-Zel’dovich (SZ) eﬀect, a result of cosmic microwave background
(CMB) photons interacting with the energetic ICM electrons (Sunyaev and Zeldovich,
1972).
The comic rays electrons (CRe) and magnetic ﬁelds in clusters can be studied through
radio observations. Cluster radio emission is mainly the result of synchrotron radiation,
indicating the presence of magnetic ﬁelds and comic rays (CRs) in the emission region.
Cosmic rays exist in the jets and lobes originating from active galactic nuclei (AGN),
but there is also a population of CRs permeating the ICM that is not associated with
individual galaxies but has been found in the form of large scale diﬀuse radio emission.
The primary focus of this thesis is to understand the particle acceleration mechanisms
which explain the existence of these large scale diﬀuse radio emission in clusters and
to investigate the magnetic ﬁeld structure through the polarization analysis.
Diﬀuse radio emission is enigmatic since the cosmic ray electrons (CRe), necessary for
synchrotron emission, cannot diﬀuse far through the ICM because the life time of the
CRe is rather small compared to the diﬀusion time (Jaﬀe, 1977). This clearly indicates
that somehow the electrons must be accelerated in-situ in the ICM itself. In order
to understand the diﬀuse radio emission originating in galaxy clusters, it is important
1A parsec (pc) is the unit of distance. One parsec is about 30 trillion kilometers or over three
light-years.
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and crucial to understand the physics of the ICM (Section 1.2) and the magnetic ﬁeld
properties within the ICM (Section 1.3).
1.2 The intracluster medium
The space between galaxies in galaxy clusters is ﬁlled with a hot and diﬀuse gas, the
intracluster medium. The galaxy clusters grow through infall of matter and merging
events, creating shocks and turbulence in the ICM, which heats up the ICM to tens
of millions of Kelvin (T ∼ 107−108K, which correspond to kT ∼ 0.8−10 keV). At
such high temperatures, the ICM is completely ionized, and the radiation resulting
from the collisional interactions between electrons and ions is bremsstrahlung. The
bremsstrahlung emission is discussed in detail in Section 1.4.2.
The intracluster medium is observed in the X-ray regime. A typical energy range for
X-ray observations is 0.1−10 keV. The ICM emission can reach X-ray luminosities of
LX = 10
43−1046 erg s−1, thus making galaxy clusters one of the most luminous object
types in the Universe.
Most of the observed ICM gas has densities in the range 10−2−10−4cm−3 (Böhringer
and Werner, 2010; Ettori et al., 2013). In fact, the X-ray emission is proportional to the
square of the gas density (Section 1.4.2), which means the X-ray emission is relatively
concentrated and therefore can be used for cluster identiﬁcation (Rosati, 1997; Ebeling
et al., 1998; Reiprich and Böhringer, 2002; Böhringer et al., 2004). However, the
density dependence makes it diﬃcult to measure the emission at the outer region of
the cluster, where the electron density can be as low as 10−7cm−3, and the emission
becomes extremely faint. Therefore, X-ray observations are usually conﬁned within
r500, i.e., the radius at which the mean mass density is 500 times the critical density.
X-ray observations allow us to study the dynamical state of a cluster by probing the
morphology of the ICM. A spherically symmetric X-ray morphology with some small-
scale substructures in the central region, i.e., X-ray cavities and jets, are assumed to
reﬂect relaxed clusters (i.e., non-interacting). In relaxed clusters, the X-ray emission
is strongly centrally peaked and falls oﬀ radially with the decreasing gas density. In
contrast, merging clusters show an overall irregular morphology and often show two
peaks in the X-ray emission, reﬂecting the two cores of the merging clusters.
Moreover, X-ray observations of the ICM enable us to determine the temperature of
the ICM, its thermodynamic state and the abundance of chemical elements. On the
basis of the temperature proﬁles, clusters can be divided into two categories, cool-core
and non-cool-core cluster. Cool-core clusters are typically relaxed clusters, in which the
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ICM gas near the centre cools and condenses (Mann and Ebeling, 2012). This results
in a sharp rise in the X-ray surface brightness and a drop in the X-ray temperature at
the center (core) of the cluster (Molendi and Pizzolato, 2001; Hudson et al., 2010). In
addition, cool-core clusters commonly host a central AGN. Non-cool-core clusters have
had their core disrupted and do not show a central drop in temperature. However,
outside of the core, the temperature proﬁle decreases slowly with radius.
1.3 Cluster magnetic fields
Magnetic ﬁelds are ubiquitous throughout the Universe and are found on all scales, from
ﬁelds surrounding the planets up to ﬁelds in the intracluster medium. The existence
of magnetic ﬁelds associated with the ICM in galaxy clusters is now well established.
One of the direct evidences of the cluster magnetic ﬁelds is the presence of large scale
diﬀuse radio emission in galaxy clusters.
The magnetic ﬁeld plays a key role in understanding the large scale structure formation
and CRs generation. The magnetic ﬁeld can be investigated by diﬀerent approaches
based on both, the radio and X-ray observations. However, the most relevant and com-
monly used tracer of magnetic ﬁelds is the synchrotron radiation. The total synchrotron
emission from a source provides the strength of the total magnetic ﬁeld, while the linear
degree of polarization is an important indicator of the structure of the magnetic ﬁeld
and its uniformity.
The diﬀuse synchrotron emission in galaxy clusters requires a coexistence of a popula-
tion of GeV relativistic electrons and a magnetic ﬁeld of µG level (Govoni and Feretti,
2004; Feretti et al., 2012; Brüggen et al., 2012; Ferrari et al., 2008). The radio obser-
vations show that the typical ﬁeld strength in galaxy clusters are of the order of a few
µG (between 1-10µG) and ﬁelds are widespread in the ICM. In some areas, such as
the cores of some clusters, the magnetic ﬁeld is very strong, i.e., between 10−40µG
(Carilli and Taylor, 2002; Ferrari et al., 2008). However, simulations suggest that the
mean magnetic ﬁeld in galaxy clusters, voids, and cosmic ﬁlaments are of the oder of
a few nG (Vazza et al., 2014).
Despite being detected in many locations throughout the cluster, the origin and evo-
lution of the intracluster magnetic ﬁelds remains unclear. To discriminate between
diﬀerent models of the origin and evolution of the intracluster magnetic ﬁeld, the com-
parison with observations plays a key role.
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1.4 Emission mechanisms in galaxy clusters
Galaxy clusters are observed through their constituent galaxies and the ICM. The ICM
emission coming from the thermal pool of electrons is mainly due to bremsstrahlung
while the relativistic electron population generates synchrotron and IC emission. In
this section, we brieﬂy summarize the relevant emission mechanisms:
1.4.1 Synchrotron radiation
In the radio regime, synchrotron emission (i.e., magnetobremsstrahlung for ultra-
relativistic particles) is one of the most prevalent form of emission in astronomical
objects, which is generated when a relativistic, charged particle undergoes acceleration
in the presence of a magnetic ﬁeld. In galaxy clusters, synchrotron emission is found
in radio galaxies, i.e., currently active galaxies or in the lobes of formerly active ones,
as well as in regions of diﬀuse radio emission.
The emitted power for a relativistic particle of charge e under an acceleration a is given
by the Larmor’s formula
P =
2e2
3c3
|a|2 = 2e
2
3c3
×
(
evB
mc
)2
=
2
3c
r20γ
2B2|v|2 sin2 θ. (1.1)
The electrons in a magnetic ﬁeld usually have a wide range of pitch angles (θ). As-
suming an isotropic distribution and integrating over all pitch angles yields the total
power emitted
P ≈ 4
3
σT cγ
2UB, (1.2)
where σT = (8π/3)r
2 is the Thomson cross-section of the electron and UB = B
2/(8π)
is the energy density of the magnetic ﬁeld.
The synchrotron lifetime (t) of the electrons of energy E is given by
t =
E
P
=
mec
4
3
σTγUB
. (1.3)
For typical extended powerful radio source, γ ∼ 103 and B ∼ 0.1µG, so the lifetime of
the electrons are expected to be t ≤ 107−108 years.
The synchrotron radiation is strongly beamed in the direction of the motion of the
particle, resulting in a cone of radiation with an opening angle that is inversely pro-
portional to the Lorentz factor, i.e., θ ≈ 1/γ, which can thus be tiny. Consequently,
an external observer does not have a continuous view, but only sees radiation from a
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relativistic electron when the beam sweeps over the line of sight. The corresponding
frequency, known as critical frequency (νc), is given by
νc =
3
2
γ2
eB
mec
sin θ. (1.4)
The critical frequency corresponds to the duration of pulses, and therefore represents
the largest frequency in the synchrotron spectrum. The spectrum of an individual
electron peaks near the critical frequency. Above the critical frequency, the spectrum
falls rapidly. Note that νc ∝ γ2 ∝ E2 (where E is energy), so the high energy electrons
radiate at higher frequencies. The beaming of the radiation has a very important eﬀect
on the observed spectrum emitted by the electron.
1.4.1.1 Spectrum for a distribution of electrons
The electrons which emit synchrotron radiation have a (wide) range of energies. The
number density of electrons with energy between E and E + dE is a power-law and
can be written as
dN(E) = κE−pdE. (1.5)
where κ is a normalization factor.
The synchrotron emissivity can be approximated to (Longair, 1981)
j(ν) =
2σT c
3µ0(mec2)p−1
κB
(p−1)
2 ν
−(p−1)
2 (1.6)
The important result of Equation 1.6 is that in the synchrotron emission regime, the
brightness decreases with increasing frequency.
The resulting synchrotron spectrum, constructed by summing the contribution from
the individual electrons, is a power-law in frequency according to the relation
S(ν) ∝ ν−α, (1.7)
where Sν is the ﬂux density at frequency ν and α is the spectral index which depends
only on the exponent of the electrons distribution such that
α =
(p− 1)
2
. (1.8)
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1.4.1.2 Polarization characteristics
An important characteristic of synchrotron emission is its polarization. For an isotropic
distribution of electrons, following a power-law energy distribution, the linear degree
of polarization of synchrotron emission is given by
Π =
p+ 1
p+ 7
3
B20
B20 +B
2
t
, (1.9)
where B0 and Bt are the ordered and the turbulent magnetic ﬁeld components, respec-
tively.
Typically, the spectral index in the range of −0.5 to −2, ﬂatter spectra are seldom and
steeper spectra are too faint. Therefore, the maximum fractional linear polarization
achievable is roughly between 73%−75%.
The polarization state of the electromagnetic radiation is described by Stokes parameter
(I, Q, U, and V), ﬁrst deﬁned by George Gabriel Stokes in 1852. The Stokes parameter
I gives the total intensity, Q and U contains information about the linear polarization
while V contains information about the circular polarization.
In radio astronomy, Stokes V has a very small value and thus can be neglected. There-
fore, the degree of linear polarization is given by
Π =
√
Q2 + U2
I
. (1.10)
Finally, the polarization angle can be determined from Stokes Q and U
ψ =
1
2
tan−1
(
U
Q
)
. (1.11)
The polarization angle provides information about the orientation of the observed
electric ﬁeld perpendicular to the line of sight.
1.4.2 Thermal Bremsstrahlung
Bremsstrahlung is the term for radiation that is produced when a charged particle
(e.g., an electron) is deﬂected through the Coulomb interaction with another charged
particle (e.g., an ion). Thermal bremsstrahlung is produced when the relative motion
of the charged particles is due to the fact that they are in a hot gas that is fully or
partially ionized with a Maxwellian distribution of electron energies.
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From an astrophysical point of view, the thermal bremsstrahlung is the dominant
continuum emission mechanism of thermal plasmas, such as the X-ray emission from
the ICM in galaxy clusters and the radio emission from HII regions in galaxies.
Consider a gas with a number density ne of the free electrons (each with charge−e)
and a number density ni of the positively charged ions (each with charge +Ze). If the
electrons are moving relative to the ions, with a typical velocity v, the gas will emit
bremsstrahlung radiation with a speciﬁc intensity
I = v−1Z2nenigff(ν, v), (1.12)
where gff(ν, v) is the Gaunt factor. If the relative motion of the electrons and ions is
due to thermal motions, we expect that v2 ∼ kT/me, and thus
I = T−1/2Z2nenigff(ν, T ), (1.13)
where T is temperature and k is the Boltzmann constant. More precisely, an integration
over the Maxwell distribution of the electron velocities at a given temperature yields
the relevant equation for the spectrum (Rybicki and Lightman, 1979)
ǫν =
25πe6
3mec3
(
2π
3mek
)1/2
Z2neniT
−1/2gffe
−hν
kT . (1.14)
1.4.3 Inverse Compton Scattering
The scattering of the low energy photons to higher energies by relativistic electrons
is called inverse Compton (IC) scattering. Here, the photon gains energy while the
electron loses energy. The process is called inverse because the charged particle, i.e.,
an electron, loses energy rather than the photon, which is just opposite to the standard
Compton scattering.
In a variety of astrophysical processes, the IC scattering is one of the principle emission
mechanisms, e.g., in pulsars, AGN and in extended sources like supernova remnants.
It is also important in galaxy clusters since the cosmic ray electrons propagate through
the radiation ﬁeld of the CMB and lose part of their energy through IC scattering.
However, it is really diﬃcult to distinguish between synchrotron and IC losses, based
on the shape of the radio spectrum alone, as both of these radiation have similar energy
dependencies.
1.5. Radiation losses 9
After discussing the main emission mechanisms of interest, it is prudent to consider
loss mechanisms. There are two principal mechanisms which are important when con-
sidering radio emission from clusters, namely synchrotron and inverse Compton losses.
1.5 Radiation losses
The high energy particles undergo a number of energy-loss processes as they propagate.
These energy-loss processes deform the energy distribution of electrons from the original
acceleration spectrum. The energy dependencies of the energy-loss rate determine the
spectral deformation. The energy-loss rate of a single particle, as a function of the
Lorentz factor, is given by
b(γ) = −
(
dγ
dt
)
. (1.15)
According to Equation 1.15, the instantaneous timescale for particle losses can be de-
ﬁned as
tloss =
γ
b(γ)
. (1.16)
The CRe lose their energy by emitting Coulomb, synchrotron, bremsstrahlung, and
IC radiation. Generally, at low energies, the energy-loss of electrons is dominated by
Coulomb collisions due to collisions between the thermal electrons (Rephaeli, 1979),
see left panel of Figure 1.1. The loss-rate due to the Coulomb collision is given by
b(γ)coulomb ≃ 1.27× 10−12ne
[
1.0 +
ln(γ/ne)
75
]
s−1. (1.17)
For galaxy clusters, the thermal electron density is typically of the order of 10−7cm−3.
In a very low density limit, the loss rate due to bremsstrahlung is (Blumenthal and
Gould, 1970)
b(γ)bremss ≃ 1.51× 10−16neγ [ln(γ) + 0.36] s−1. (1.18)
As shown in Figure 1.1 left panel, the intermediate energy regime is mainly dominated
by bremsstrahlung loses.
At higher energies, synchrotron radiation becomes an important channel to lose energy
radiatively. Galaxy clusters are ﬁlled with a large scale magnetic ﬁeld which plays a
crucial rule for the energy losses. The expression for the loss rate due to synchrotron
10 Chapter 1. Introduction
Figure 1.1: Left : Energy losses b(γ) as a function of γ for inverse Compton emission, Coulomb
losses, synchrotron losses, and bremsstrahlung losses. Both the figures are taken from (Sarazin, 1999).
The solid curve gives values assuming an average electron density ne = 10
−3 cm−3 and a magnetic
field of B = 1µG. Right : Instantaneous loss timescale tloss as a function of γ, assuming an electron
density ne = 10
−3 cm−3, a magnetic field of B = 1µG (solid curve) and B = 5µG (dashed curve).
The dot-dashed curve assume an electron density ne = 10
−4 cm−3 and a magnetic field of B = 5µG.
radiation is given by (Rybicki and Lightman, 1985)
b(γ)synch ≃ 1.3× 10−21γ2
(
B2
1µG
)
s−1. (1.19)
The eﬀect of the magnetic ﬁelds on the energy spectrum is shown in right panel of
Figure 1.1. An increase in the magnetic ﬁeld, for instance to B = 5µG, results in an
increase in the energy losses at high energies with shortened timescale (dashed curve).
However, if the electron density is lowered, for instance to ne = 10
−4 cm−3, then the
loss time increases and the losses at lower energies get reduced (dot-dashed).
The loss rate for IC scattering is
b(γ)IC ≃ 1.37× 10−20γ2(1 + z)4 s−1. (1.20)
Note that IC losses are independent of the magnetic ﬁeld of the cluster. Finally, the
ratio between IC and synchrotron losses is given by
b(γ)sync
b(γ)IC
≃ 0.095(1 + z)−4
(
B
1µG
)
. (1.21)
Hence, if the magnetic ﬁeld is not too strong then IC losses will dominate over syn-
chrotron losses. Evidence of IC losses is provided by detections of hard (i.e., high
energy) X-rays from the ICM, and has also been detected in the lobes of Fanaroﬀ-
Riley galaxies (Croston et al., 2005; Hardcastle and Croston, 2005).
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Diffuse non-thermal radio emission in
galaxy clusters
Radio observations of galaxy clusters revealed the presence of diﬀuse emission that is
not associated with any of the individual galaxies in the cluster. Such diﬀuse radio
emission was ﬁrst detected in the Coma cluster (Large et al., 1959). The radio spectra
of such emission are steep and follow a power-law over a wide range of frequencies,
suggesting synchrotron radiation to be the underlying emission mechanism.
The diﬀuse radio sources in galaxy clusters have been divided into three main types:
relics, halos and mini-halos. This classiﬁcation is based on their observed properties
such as morphology, size, location with respect to the cluster center and polarization.
Relics and halos are associated with merging clusters suggesting that the cluster merger
plays a major role in their formation while mini-halos are mainly found in relaxed
clusters.
In this chapter, we review the properties of diﬀuse radio emission sources and the
physical mechanisms responsible for the large-scale radio emission that is detected in
many merging clusters of galaxies. We begin with radio relics since they are the main
objects of this thesis.
2.1 Radio relics
Radio relics are Megaparsec sized irregular shaped synchrotron sources that are found in
peripheral regions of galaxy clusters. They are characterized by low surface brightness,
a steep integrated radio spectrum (−1.0 ≥ α ≥ −1.6), and a high degree of polarization
(10% to 60% in some regions). Therefore, radio relics are unique probes of the magnetic
ﬁeld properties in the outskirts of galaxy clusters.
2.1.1 Classification
Radio relics show a wide variety in size, morphology and distance from the cluster
center. Depending on their morphology and origin, relics are further subdivided into
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three groups (Kempner et al., 2004; Ferrari et al., 2008): radio gischt, AGN relic and
radio phoenix. The ﬁrst class is believed to be related to merger shocks in the ICM
and the other two are mainly associated with a previous AGN activity.
Radio gischt objects are generally Megaparsec sized and often show elongated arc-
like morphology. They are found to spatially coincide with the X-ray detected shocks.
Therefore, this class of objects are found only in merging system. One of the well-
studied example of this class is the so called “Sausage relic” (van Weeren et al., 2010;
Stroe et al., 2013), shown in Figure 2.1. A few galaxy clusters also show the presence
of multiple extended relics located symmetrically with respect to the cluster center
(Rottgering et al., 1997; Bonafede et al., 2009; Bonafede et al., 2012; Bonafede et al.,
2017).
Figure 2.1: The radio relic in CIZA J2242.8+5301. Observation at 1.4 GHz in colors, X-ray surface
brightness in red contours. (Figure adopted from van Weeren et al., 2010).
Radio phoenix objects are smaller in size, have curved and steeper spectra, and a
lobe-like of morphology. They are thought to be related to the fossil radio plasma
ejected in the past by AGN, which has been re-energized via the process of adiabatic
compression (Enßlin and Gopal-Krishna, 2001; Enßlin and Brüggen, 2002).
AGN relic objects are remnants of radio galaxies where the AGN activity maintaining
the lobes is switched oﬀ, leaving the radio plasma (Komissarov and Gubanov, 1994)
that emits at radio frequencies.
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In this thesis, we focus on so-called radio gischt relics that show up to 1 Mpc or larger
and are related to the shocks in the ICM.
2.1.2 Origin of radio relics
There is strong evidence that relics are connected with shock fronts induced by cluster
mergers (see Brunetti and Jones, 2014, for a review). It is widely accepted that the
source of the radio emission is a population of relativistic electrons, emitting at the
location of the shock. Because of the short radiative lifetime of relativistic electrons,
the radio emission must only be produced close to the location of the shock, which is
consistent with the geometry of the observed relics, i.e., an elongated shape perpen-
dicular to the merger axis. These shocks are capable of accelerating particles to the
higher energies (Blasi, 2000; Miniati et al., 2000; Fujita and Sarazin, 2001; Ryu et al.,
2003).
The X-ray observations allow us to estimate the strength of a shock front via tempera-
ture and X-ray surface brightness jump. The dimensionless number that characterizes
the strength of a shock is the Mach number (M), which is the ratio of the upstream
shock velocity and the speed of sound in the ICM, i.e., M = vshock/cs. For several
radio relics, the jump related to the shock in X-ray surface brightness and temperature
has been identiﬁed (Sarazin et al., 2013; Stroe et al., 2013; Shimwell et al., 2015; van
Weeren et al., 2016; Eckert et al., 2016). The X-ray observations of galaxy clusters
suggest that the Mach numbers of merger driven shocks are in the range of 2 to 4
(maxmimum).
In order to understand the origin of radio relics, it is important to investigate how
particles are accelerated to relativistic energies. The particle acceleration mechanism
in relics is a matter of debate because the low Mach number shocks, namely M ≤ 3.
This implies a steep spectrum which means there are not enough electrons in the
radio relevant energy regime, posing a severe challenge for the standard scenario for
relics. However, the most favored particle acceleration mechanism is the diﬀusive shock
acceleration (DSA). In the next section, we discuss the DSA in detail.
2.1.2.1 Diffusive shock acceleration mechanism
Diﬀusive shock acceleration is a Fermi I process where CRs interact with a shock
and are accelerated to very high energies (Drury, 1983; Blandford and Eichler, 1987;
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Ensslin et al., 1998; Hoeft and Brüggen, 2007; Kang and Ryu, 2011). The CRs re-
sponsible for the radio emission are eﬀectively trapped, bounce back and forth be-
tween the upstream/pre-shock (region that the shock has not yet passed in) and
downstream/post-shock regions (region that the shock has already passed) of the shock.
After crossing a shock front, reﬂection at a moving medium increases the energy of the
CRs, and after a large number of crossings, the particle is accelerated to a very high
energy. In this process, both the electron and proton present in the ICM get acceler-
ated at the shock surface. According to Equation 1.4.1, the total synchrotron power
emitted by a particle is inversely proportional to the second power of the particle mass.
Therefore, in a cluster lifetime, the relativistic protons lose only a small fraction of their
energy. On the other hand, high energy electrons have much shorter radiative lifetime.
During the DSA process, the accelerated particles show a power law energy distribution
whose spectral index is determined by the shock parameter, namely the compression
ratio C. This shock parameter determines the energy distribution of the particles and
the overall synchrotron spectrum (Blandford and Eichler, 1987) as
pinj =
3C
C − 1 . (2.1)
By applying the Rankine-Hugoniot jump conditions, we get
pinj =
4M
M2 − 1 . (2.2)
The synchrotron radiation spectrum, produced by this underlying population of elec-
trons, will have a spectral index of
αinj = −1
2
+
M2 + 1
M2 − 1 . (2.3)
Here, αinj is the injected spectral index (i.e., a spectral index of just the accelerated
electrons). From Equation 2.3, we can derive the Mach number of a shock from the
radio spectral index maps and can compare it with the Mach number derived from the
X-ray observations. Once the relativistic electrons are injected at the shock location,
they naturally lose energy in the downstream regions. Hence a clear spectral index
gradient is expected towards the cluster center. Moreover, the shock also compresses
the ﬁeld, i.e., magnetic ﬁeld vector distribution is anisotropic.
According to the DSA, for a stationary shock in the ICM (i.e., the electron cooling
time is much shorter than the time scale on which the shock strengths or geometry
changes), the integrated spectrum (αint), is 0.5 steeper than the injection spectrum,
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i.e.,
αint = αinj + 0.5. (2.4)
For strong shocks, M → ∞ and therefore, pinj → ∞ (i.e., the limit of the spectral
index αinj ≤ −0.5). For strong shocks, the electron population is generally accelerated
to higher energies, whereas for weak shocks, the electrons gain little energy before
escaping downstream.
For most of the relics, the observed properties, such as the gradual spectral index
steepening toward the cluster center, the high degree of polarization with magnetic ﬁeld
lines parallel to the source extension, and the integrated spectrum with a power-law
form, can be well explained by the DSA model. However, several recent observations
have challenged the DSA model. These observations have revealed that for some relics
the derived X-ray Mach numbers are low, namely M ≤ 2(Akamatsu et al., 2012; van
Weeren et al., 2016; Pinzke et al., 2013; Vazza and Brüggen, 2014). For such a low
Mach number shocks, DSA is not eﬃcient in accelerating cosmic ray electrons from the
thermal pool to relativistic energies.
Figure 2.2: Spectral index and E-vector map of the Sausage-relic. Contours represent the total
intensity emission obtained from the 610MHz GMRT image Top: spectral index map between 320MHz
and 610MHz. Bottom: polarization map showing the electric field vector distribution. The E-vectors
are corrected for the Faraday rotation effect. (Adopted from van Weeren et al., 2010).
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2.1.2.2 Alternative mechanism
To solve the low Mach number issue, several alternative models were proposed, such
as the shock re-acceleration model of pre-accelerated electrons in the ICM which is a
more eﬃcient mechanism for weak shocks (Giacintucci et al., 2008; Kang and Ryu,
2011; Kang et al., 2012; Pinzke et al., 2013; van Weeren et al., 2017b; van Weeren
et al., 2017a). It is speculated that AGNs in radio galaxies might provide a pool of
relativistic seed electrons, which are re-accelerated through the shock. For low Mach
number shocks, the re-acceleration of electrons, while passing though a shock, changes
the spectrum since the fossil population is still mildly relativistic so the eﬃciency and
spectral slope issues could be solved. Recently, van Weeren et al. (2017b) reported a
clear observational evidence that a relic is found to be connected to a head-tail radio
galaxy.
2.1.3 Spectral and polarization properties
Detailed studies of the spectral index distribution of radio relics, indeed, provide evi-
dence of a gradual spectral index steepening toward the cluster center (van Weeren et
al., 2012a; van Weeren et al., 2010; Stroe et al., 2013). Relics trace shock fronts which
propagate outwards over the time with certain velocity. At the front of the shock, the
electrons get injected into acceleration process while in the post-shock regions, we get
energy losses because the accelerated electrons radiate synchrotron emission. The high
energy particles lose energy faster, as a direct consequence the spectrum gets curved
and the break frequency shifts downstream towards lower frequencies (i.e., the radio
spectral index steepens ). Hence, the spectral index maps of relics should show a spec-
tral gradient with a ﬂat spectrum in the front of the shock and a steep spectrum further
downstream, i.e., in the post-shock region. The spectral index map of the Sausage relic
is shown in Figure 2.2, where a clear spectral index gradient is visible. We see a young
electron population, i.e., electrons populations associated with a ﬂat spectral index,
close to the location of the shock. In the post-shock regions, we see an old electron
population associated to synchrotron emission of a steep spectral index.
Several radio relics are reported to be polarized, some with a very high polarization
fraction (Bonafede et al., 2009; van Weeren et al., 2010; van Weeren et al., 2012a; Kale
et al., 2012; Lindner et al., 2014; de Gasperin et al., 2015; Kierdorf et al., 2016) and
the magnetic ﬁeld aligned towards the relic extension. The magnetic ﬁeld alignment is
believed to be due to the magnetic ﬁeld ampliﬁcation. As a consequence, the plasma
is compressed, stretched, and aligned along the shock front. Hence, the synchrotron
luminosity of the region is increased and high polarization levels are expected.
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produce observable synchrotron emission, is accelerated via a Fermi II process. There
are some predictions from this model: (1) radio halos should be found only in merging
clusters. In fact, with a few exceptions, radio halos are found only in massive merging
clusters; (2) a complex radio halo morphology; (3) a complex spatial distribution of
the spectral index and a radial steepening due to diﬀerent re-acceleration processes in
diﬀerent cluster regions, and (4) a steepening of the radio halo spectrum, i.e., cut oﬀ
in the halo spectrum towards higher frequencies. Consequently, a large population of
ultra-steep spectrum radio halos is expected to be detected at low frequencies (Brunetti
et al., 2004).
Secondary electron (hadronic) model: The secondary electron model proposes
that the cosmic ray electrons (CRe) are the secondary products of the hadronic collision
between thermal ions (pt) and relativistic protons (p) present in the ICM (Dennison,
1980; Blasi and Colafrancesco, 1999; Dolag and Enßlin, 2000):
pt + p→ π0 + π± + .... (2.5)
According to Equation 2.5, the neutral pions (π0) decay into gamma rays, whereas the
charged pions (π±) decay into positrons and relativistic electrons. The main predictions
of this model are: (1) radio halos should be found in all galaxy clusters because the
relativistic protons in galaxy clusters have a lifetime greater than that of the cluster
itself, so there will always be a fraction of the relativistic electrons in the ICM produced
by such a hydronic collision; (2) a smooth radio halo morphology; (3) a uniform spectral
index distribution of halos, and (4) the existence of gamma rays in clusters.
The non-detection of gamma rays in clusters (Jeltema and Profumo, 2011; Brunetti
et al., 2012; Ackermann et al., 2014; Ackermann et al., 2016) and the prediction that
radio halos should be present in almost all clusters, appears to challenge the secondary
electron model.
2.3 Radio mini-halos
Radio mini-halos are steep spectrum radio sources located at the center of cool-core
clusters, surrounding a dominant cluster galaxy (Feretti et al., 2012; Brunetti and
Jones, 2014). They are extended on a moderate scale (up to ∼ 500 kpc) and appear
roundish. Radio mini-halos are typically found in relaxed clusters (cool-core cluster)
rather than in merging clusters, making them diﬀerent from the so called radio halos.
The X-ray observations of galaxy clusters hosting mini-halos revealed the presence of
cold fronts in the center of the cluster (Mazzotta and Giacintucci, 2008), suggesting a
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possible connection between the mini-halo and the cold front. The origin of mini-halos
is still unclear but they are believed to be produced by sloshing motion induced by the
minor mergers, which generate turbulence in the cores of clusters and reaccelerate the
relativistic electrons.
In the pervious sections, we have explained the origin and properties of radio relics
and radio halos. The diﬀuse radio emission in galaxy clusters has been known since
the seventies and during the last decade considerable progress has been achieved in our
understanding of these sources. But many aspects of their origin are still puzzling. We
discuss some of them in the next section.
2.4 Open questions
There is enough evidence that both relics and halos are related to the cluster merger
events. During cluster formation processes, some of the energy released is channeled
into merger driven shocks and turbulences that result into particle acceleration. How-
ever, recent radio observations have challenged our understanding about the relics
and halos. These observations have revealed details that cannot be explained by the
previously thought mechanisms. There are several open questions that needs to be
answered:
• What is the origin of the radiating electrons that form the radio relics and radio
halos?
• What is the main particle acceleration mechanism that accelerate particles in
galaxy clusters?
• Is there any connection between the diﬀerent kind of diﬀuse emission sources
observed in galaxy clusters?
• What are the properties of the magnetic ﬁelds in the peripheral regions of galaxy
clusters?
The high resolution and more sensitive observations are essential to answer the main
open questions about the origin of radio relics and halos. The radio interferometers
LOFAR, GMRT, and VLA are able to trace the diﬀuse radio emission in clusters at∼ 1′′
to 5′′ angular resolution and are essential for comparing observations and theoretical
models to gain a deeper insight.
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VLA observations of the galaxy
cluster 1RXSJ0603.3+4214
The work presented in this thesis is primarily based on observational data obtained
using diﬀerent radio observatories, namely Karl G. Jansky Very Large Array (VLA),
Westerbork Synthesis Radio Telescope (WSRT), Giant Metrewave Radio Telescope
(GMRT), and Low Frequency Array (LOFAR). Observational data of the ﬁrst two
facilities are calibrated and reduced while the data from other two telescopes were
re-imaged according to our needs. As discussed in the last chapter, radio relics are
excellently suited to understand the physics of shocks, the particle acceleration mecha-
nisms, and the magnetic ﬁelds in low density regions of galaxy clusters. In this chapter
and in the following chapters, we report the new VLA observations of the merging
galaxy cluster 1RXSJ0603.3+4214. The cluster 1RXSJ0603.3+4214 is an important
target for a detailed study of the total intensity features and cluster magnetic ﬁelds.
This cluster host a spectacular bright relic that has a very unusual morphology. With
the new VLA observations, we can study the radio emission at higher resolution as
well as with high sensitivity.
3.1 1RXSJ0603.3+4214: previous work
The galaxy cluster 1RXSJ0603.3+4214, located at z = 0.225, was discovered by van
Weeren et al. (2012a) whose followup WSRT and GMRT radio observations enabled
the identiﬁcation of a large steep spectrum radio source. The main peculiarity of this
cluster is the large and bright northern relic, labelled as B1, B2, and B3 in Figure 3.1.
It has a peculiar morphology that led to its nickname ‘Toothbrush’ (hereafter called
as the Toothbrush). After the discovery of the Toothbrush, several multifrequency
observations of this cluster have been performed.
The X-ray luminosity of 1RXSJ0603.3+4214 is LX,0.1−2.4 keV ∼ 1 × 1045 erg s−1 (van
Weeren et al., 2012a). The X-ray emission is mainly elongated in north-south direction,
indicating that cluster is undergoing a major merger event. The weak-lensing study
by Jee et al. (2016) showed that the cluster is composed of complicated dark matter
substructures closely tracing the galaxy distribution. They found that the cluster mass
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is dominated by two massive clumps with a mass ratio of 3:1 (Mnorth = 6.29
+2.24
−1.62 ×
1014M⊙ and Msouth = 1.98
+1.24
−0.74 × 1014M⊙ ).
3.1.1 Analysis of radio data
The radio observations of the cluster 1RXSJ0603.3+4214 revealed that the cluster also
hosts two additional fainter relics (sources E and D) and a giant radio halo (C) (van
Weeren et al., 2012a). The most prominent source of this cluster is the Toothbrush. It
has an unusual linear morphology, extending to about 1.9Mpc, with three distinct com-
ponents resembling the brush (B1) and the handle (B2+B3) of a toothbrush. Brüggen
et al. (2012) using a hydrodynamical N-body simulation aimed for reproducing the
elongated linear morphology of the Toothbrush. They showed that a triple merger
between two equal mass clusters merging along the north-south axis together with a
third less massive cluster moving in from the southwest may cause the peculiar shape
of the Toothbrush.
Like the Sausage-relic, a clear north-south spectral index gradient has been found for
the Toothbrush (van Weeren et al., 2012a). From the spectral index map between 325
and 610MHz, an injection spectral index of −0.6 to −0.7 was obtained at the northern
edge of the Toothbrush. Here, the injection spectral index means the ﬂattest spectral
index measured at the location of the shock front.
Recently, the LOFAR observation of 1RXSJ0603.3+4214 revealed that the spectral
index across the Toothbrush varies between −0.80 to −2.5 van Weeren et al. (2016).
The obtained values were consistent with the previous spectral index estimates by van
Weeren et al. (2010). However, the LOFAR observations disfavored a spectral index
as ﬂat as −0.6. According to standard DSA, the spectral index obtained from the 150
and 610MHz corresponds to αinj = −0.80, implying a Mach number ofM = 2.8+0.5−0.3.
The integrated spectrum of the Toothbrush has been studied by several authors. van
Weeren et al., 2012b ﬁrst reported that the total spectrum follows a power law between
70MHz to 4.9GHz. Later, Stroe et al. (2016) studied the integrated spectrum between
150MHz and 30GHz, and detected a spectral break at frequencies above about 2GHz.
However, a recent study by Kierdorf et al. (2016) indicates that the spectrum can
be ﬁtted well by a single power law below 8.35GHz, suggesting that a break in the
spectrum does not exist below 8.35GHz. Basu et al. (2016) studied the impact of
the SZ eﬀect on the observed synchrotron ﬂux and found that the radio spectrum is
aﬀected above 10GHz.
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Figure 3.2: Left : Chandra image (0.5 − 2.0 keV band) of the cluster 1RXSJ0603.3+4214 overlaid
with radio contours from the LOFAR image with a resolution of 17.7′′. The X-ray image is smoothed
with a Gaussian of FWHM of 3′′. Right : X-ray temperature map in the 0.5−7.0 keV band. The X-ray
contours are shown with green and the radio with white (Adopted from van Weeren et al. (2016)).
X-ray surface brightness distribution, see in Figure 3.2 top panel. These observations
also unveil a third smaller, sub-cluster to the west.
The Chandra observations conﬁrmed the presence of shock front at the location of the
Toothbrush. The shock detected in Chandra via the surface brightness jump coincides
with the northern edge of the Toothbrush, i.e., outer edge of the brush, see Figure 3.3
left panel. The temperature of the cluster is shown in the right panel of Figure 3.2.
Surprisingly, at the location of the brush region of the Toothbrush, the temperature is
not as high as expected. However, the jump in the surface brightness and temperature
indicates a weak shock of Mach number ofM∼ 1.2.
Clearly, the X-ray derived Mach number of M ∼ 1.2 is much lower than the radio
derived Mach number, namely M = 2.8+0.5−0.3. For this particular relic, the diﬀerence
in the radio and X-ray derived Mach number is signiﬁcantly high. The absence of a
stronger shock at the location of the Toothbrush seems a bit odd. It is puzzling how a
weak shock can create a 2Mpc sized large structure.
The Chandra observations also revealed another merger driven shock in the southern
part of the cluster but in the radio map no relic have been found at this location.
The shock is detected at the southern edge of the radio halo. The Mach number of
the southern shock measured from the surface brightness and temperature jump are
M = 1.39+0.06−0.06 andM = 1.8+0.5−0.3, respectively, see Figure 3.3 right panel.
3.2. New L-band VLA observations 25
Figure 3.3: Left : X-ray surface brightness profile across northern edge of the Toothbrush. Right :
X-ray surface brightness profile across the southern end of the radio halo. The blue lines show the
best-fitting with a density jump as free parameter and the vertical line the outer boundary of the
radio relic or halo emission. (Adopted from van Weeren et al. (2016))
Table 3.1: VLA L-band observations overview
conﬁguration A B C D
Observation dates Dec 8, 2012 Nov 30, 2013 June 17, 2013 Jan 28, 2013
Frequency range 1−2GHz 1−2GHz 1−2GHz 1−2GHz
Integration time 1 s 3 s 5 s 5 s
On source time 4+4hr 8 hr 6 hr 4 hr
No. of IFs 16 16 16 16
No. of channels 64 64 64 64
channel width 1MHz 1MHz 1MHz 1MHz
polarization all Stokes all Stokes all Stokes all Stokes
Flux calibrator 3C147 3C147 3C147 3C147
Polarization calibrator 3C138 3C138 3C138 3C138
Notes. IFs stands for spectral windows.
3.2 New L-band VLA observations
Most of the results presented in this thesis are based on the VLA observations. In this
section, we brieﬂy introduce the VLA radio telescope. The VLA is an interferometer
located on the Plains of San Agustin, New Mexico (USA). The instrument is capable
of operating between frequency range 74MHz to 50GHz. It consists of 27 independent
antennas, each with a diameter of 25 meters. These antennas are distributed along the
three arms of a track, making a wye (Y) shape. The mobile antennas can be moved
into four diﬀerent conﬁgurations, namely A, B, C, and D. The A conﬁguration is the
most spread out (36.4 km) and has the longest baselines. The spacing of the antennas
on average decrease from the A conﬁguration to the D conﬁguration. For B, C, and
D conﬁgurations, the maximum antenna separations are 11.1 km, 3.4 km, and 1.0 km,
respectively. The A conﬁguration, therefore, has the highest overall resolution.
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The new radio observations of the cluster 1RXSJ0603.3+4214 were made with the
VLA in L-band, covering the wide frequency range 1−2GHz (project code: SE0737,
PI R. J. van Weeren). The data were taken in A, B, C, and D conﬁgurations. The
VLA data correspond to a total integration time of around 26 hours on the target ﬁeld
and about 4 hours on the calibrators. The L-band data covers 16 spectral windows.
Each of these 16 spectral windows were divided into 64 channels. Each of the VLA
antennas has two feeds, namely one for righted-handed polarization (R) and one for
left-handed (L) polarization. All four correlation products, namely RR, RL, LR, and
LL, were recorded. The L-band observations are summarized in Table 3.1.
For all four conﬁgurations, the calibrator 3C147 was observed at the beginning of the
target observations. This is used as a amplitude calibrator as well as for the bandpass
and phase correction. 3C137 is also known to have a negligible polarization in this
frequency regime and therefore, used to calibrate the polarization leakage from the
instrument. At the end of the target observations, the calibrator 3C138 was observed.
At 1.5GHz, the 3C138 is polarized up to 10% and was used for the polarization angle
calibration.
3.2.1 Data reduction: calibration
The 1−2GHz wideband VLA data were calibrated and reduced using the Common
Astronomy Software Applications (CASA1) package (McMullin et al., 2007), version
4.6.0. The data obtained from four diﬀerent conﬁgurations were calibrated separately
but in a same manner.
The ﬁrst step of data reduction consisted of the Hanning smoothing. After this, the
data were corrected for elevation dependent gain and antenna-position oﬀset. The data
were then inspected for RFI removal. The CASA tfcrop mode was used for automatic
ﬂagging of strong narrow-band RFI. We then corrected for the initial bandpass using
the calibrator 3C147. This prevents ﬂagging of good data due to the bandpass roll-
oﬀ at the edges of the spectral windows. The low amplitude RFI were ﬂagged using
AOFlagger (Oﬀringa et al., 2010). The amount of data aﬀected by RFI was a few
percent in A and B conﬁgurations (∼ 5%) but signiﬁcant interference was encountered
in C and D conﬁgurations (∼ 30%).
We used the L-band 3C147 model provided by CASA software package and set the ﬂux
density scale according to Perley and Butler (2013). As a next step, we performed
an initial phase calibration using both the calibrators for a few neighboring channels
1http://casa.nrao.edu/
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(channel 25−35) per spectral window, where the phase variations per channel were
small. We then corrected for the parallel-hands (RR and LL) antenna delays and
determined the bandpass response using the calibrator 3C147. After applying the
bandpass and delay solutions, we proceeded to the gain calibration. For polarization,
the leakage between the right-handed circularly polarized (R) feed and the left -hand
circularly polarized (L) is essential. The leakage response was determined using the
unpolarized calibrator 3C147. As a next step, we determined the cross-hand delays (RL
and LR) using 3C138. Finally, the absolute position angle on the sky (the R-L phase
diﬀerence) was corrected using the polarized source 3C138. In the end, all relevant
calibration solutions were transferred to the target data. The resulting calibrated data
were averaged by a factor of 4 in frequency per spectral windows and in time intervals
of 10 s, 10 s, 6 s, and 4 s in time for D, C, B, and A conﬁgurations, respectively. The
averaging was done to permit the RM-Synthesis analysis (discussed in Chapter 7). In
order to cover the largest range of spatial scales and to maximize signal-to-noise, all
four conﬁgurations datasets were combined for imaging in the end.
3.2.2 Self-calibration and imaging
After calibrating each conﬁguration, we created a initial images of the target ﬁeld. The
imaging of the data was executed with the CASA task CLEAN. For wide-ﬁeld imaging, we
employed W-projection algorithm (Cornwell et al., 2008) which takes into consideration
the eﬀect of non-coplanarity. To take into account the spectral behavior of the bright
sources in the ﬁeld, we imaged each conﬁguration using nterms = 3 (Rau and Cornwell,
2011). The deconvolution was always performed using a multi-scale multi frequency
CLEAN algorithm (Rau and Cornwell, 2011) and with CLEAN masks generated by the
PyBDSF (Mohan and Raﬀerty, 2015). The multi-scale setting assumes that the emission
can be modeled as a collection of components at a variety of spatial scales, hence,
this setting is necessary to account for the extended emission. We used the Briggs
weighting scheme with a robust parameter of 0.
Following initial imaging, we performed self-calibration with a few rounds of phase-
only calibration and checked that the model, to be included for self-calibration, does
not have artifacts or negative components. We then ran a ﬁnal round of amplitude-
phase calibration. For A and B conﬁgurations, we performed an additional bandpass
calibration on the target, using the target ﬁeld model derived from the self-calibration.
The A and B conﬁgurations imaging require a high dynamic range which in turn
require a precise bandpass. We found that this additional step reduced artifacts around
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Figure 3.4: VLA 1−2GHz A configuration images of the Toothbrush showing artifacts. Top: Image
after few rounds of self-calibration. The image clearly shows high dynamic range issues because of the
bright source A, sitting close to the relic. Bottom: Image obtained after advanced calibration and the
dynamic range is 330 000.
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source A, located close to the Toothbrush and the halo, see Figure 3.4. For C and D
conﬁgurations, we skipped this step because no artifacts were visible.
After selfcalibration and deconvolution of each conﬁguration independently, we sub-
tracted three bright sources from the uv-data, which reduced the high dynamic range.
Next, for each conﬁguration, we made a single deep Stokes I continuum image using the
full bandwidth but with nterms = 2. In general, the noise level of the image increases
with higher nterms. The imaging of each conﬁguration with nterms = 2 reduced the
noise level by about 30%-40%. The imaging of a large ﬁeld is very time consuming,
therefore, to speed up the process, we created a region to the center of the cluster and
subtracted in the uv-plane all sources outside that region.
Finally, we combined the data from A, B, C, and D conﬁgurations to make a single
deep full bandwidth Stokes I image, using multi-scale clean and nterms = 2. After
combining the data set from all conﬁguration, we did not perform any further self-
calibration. To correct for the attenuation of the primary beam pattern of each of the
antennas of the VLA, it is necessary to apply a primary beam correction to the images.
The CASA task widebandpbcor was used for this purpose. All the VLA radio images
shown through-out this thesis have been corrected for the primary beam.
We would like to emphasize here that the ﬁnal radio continuum images were made
after combining the data from all four conﬁgurations, covering a wide frequency range
of 1−2GHz. The handling of wideband data is diﬃcult. Moreover, the bright sources
need a high dynamic range and, therefore, calibration is challenging and should be
done carefully. The imaging of such a large ﬁeld is very time consuming.
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A spectacular view of the Toothbrush
In this chapter, we present the resultant VLA L-band radio continuum images of the
cluster 1RXSJ0603.3+4214. To compare the VLA total intensity features with other
frequencies, we also use the GMRT (610 MHz) and LOFAR (150MHz) observations.
The GMRT and LOFAR data were originally published by van Weeren et al. (2012a)
and van Weeren et al. (2016), respectively. We re-image the LOFAR and the GMRT
data. The data reduction steps of the GMRT and LOFAR observations are explained
in van Weeren et al. (2012a); van Weeren et al. (2016).
4.1 VLA 1-2GHz total intensity images
The VLA 1−2GHz radio continuum images of 1RXSJ0603.3+4214 at diﬀerent resolu-
tions are shown in Figure 4.1. These images were created using uv-taper option within
the CLEAN algorithm in which uv-data are multiplied with a Gaussian function, as a
result lowering the image resolution. In Figure 4.1 panel (c), the sources are labeled
following van Weeren et al. (2012a) and extending the list. The known diﬀuse emission
sources, namely the bright Toothbrush, the two fainter relics (sources E and D), and
the large elongated halo (C), are evidently recovered in our observation.
4.2 The Toothbrush relic
In this section, we discuss the total intensity features visible in our 1−2GHz VLA
images. The VLA high-resolution image of the spectacular toothbrush-shaped relic,
labeled as B1, B2, and B3 in Figure 4.1, is shown in Figure 4.2. The new image clearly
shows the complex, often ﬁlamentary structures across the entire Toothbrush, in par-
ticular in B1 region. These ﬁlamentary structures were not obvious before.
The most prominent features are labelled in Figure 4.3. We brieﬂy describe some of
the structures. The bright part of the Toothbrush, i.e., the ‘brush’ B1, shows a distinct
narrow ridge to the north with a clear sharp outer edge. The high resolution image
shows how rich in structure the radio emission is. For instance, at a resolution of 5′′,
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Figure 4.1: VLA 1−2GHz images of 1RXSJ0603.3+4214 at different resolutions. These images
were made by combining A, B, C, and D configurations data and using robust weighting. Top: panel
(a) at a resolution of 25′′ and a noise level of 24µJy beam−1, panel (b) at a resolution of 15′′ a noise
level of 16µJy beam−1 Bottom: panel (c) at a resolution of 10′′ and a noise level of 11µJy beam−1,
panel (d) at a resolution of 5′′ and a noise level of 6µJy beam−1. The blue cross marks the location
of the sources which have been subtracted, namely A, U, and V.
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Figure 4.2: High resolution VLA 1−2GHz image of the Toothbrush showing the complex, often
filamentary structures. The image has been made using all data (ABCD configurations) and with
robust=0 weighting. The beam size is 1.′′96× 1.′′50 and a noise level is 6µJy beam−1.
the ridge appears smooth but at a high resolution many detailed structures can be
identiﬁed. We ﬁnd that at the narrowest region, the ridge has a width of about 25 kpc.
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Figure 4.3: VLA 1−2GHz radio image of the Toothbrush with labeling of prominent features. The
beam size and noise level are the same as in Figure 4.2.
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To resolve and identify structures across the brush, in particular the ridge, we created
another image using only the A and B conﬁgurations data. The resultant image has a
restoring beam of 1.′′07×0.′′97. This high resolution image reveals that the ridge consist
of two parts which branch to the west, labeled as ridge branches, see Figure 4.4. The
ridge branching clearly indicates that the shock surface is not uniform.
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Figure 4.4: High resolution VLA 1−2GHz images of brush region, showing that the ridge consists
of two parts which branch to the west. The image has been made using A and B configuration data.
The beam size is 1.′′07×0.′′97 and a noise level is 6µJy beam−1.The ridge has a width of about 25 kpc,
measured across the region marked with yellow.
The brush shows small arc-shaped ﬁlaments, ‘bristles’, that are more or less perpen-
dicular to the ridge, as shown in Figure 4.3. The width of the bristles is about 3 to
5 kpc. Moreover, at the eastern side of the brush and downstream of the ridge, three
arch-shaped ﬁlaments are visible, labelled as ‘arch’. However, the shape and the width
of these arch-shaped ﬁlaments are diﬀerent than that of the bristles. To the north-
east of the ridge (i.e., in upstream of the ridge), we conﬁrm the low surface brightness
emission, labelled as source M, reported by van Weeren et al. (2012a).
The origin of the ﬁlamentary structures, the ridge, the bristles, and the arches is not
known. For the relic in Abell 2256, very long, distinct ﬁlaments stretching across
the entire relic have been found (Owen et al., 2014). The origin of the ﬁlaments in
Abell 2256 is also not known. They could for instance reﬂect magnetic ﬁeld tubes,
intersections of magnetic ﬁeld sheets (like a ‘puﬀy pastry’) with the shock front, or
variations in the electron acceleration eﬃciency. Owen et al. (2014) speculated that
the radio emission in Abell 2256 originates from a current sheet located at the boundary
of two magnetic domains. It is important to mention here that the relic in Abell 2256
is seen face-on while the Toothbrush is rather seen edge-on. Possibly the brush has
similar ﬁlaments as the relic in Abell 2256 but due to the edge-on view we only see the
ends of the ﬁlaments, the ‘bristles’.
4.2. The Toothbrush relic 35
The surface brightness downstream of the ridge drops very quickly (i.e., by about 50%)
at 1−2GHz while at low frequencies, namely at 150MHz and 610MHz, it decreases
rather gradually, see Figure 4.5.
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Figure 4.5: Brush region of the Toothbrush at three different frequencies, namely at 150MHz,
610MHz and 1.5GHz. The image clearly shows that the surface brightness downstream to the ridge
decreases quickly at 1.5 GHz and the brush region appears wider at low frequencies. Color bar
indicates the surface brightness in units of Jy beam−1.
At 610MHz and 150MHz, van Weeren et al. (2012a); van Weeren et al. (2016) found
several ‘streams’ of emission, extending from the northern part of the brush to the
south. These streams are also visible in the VLA 1−2GHz image, see Figure 4.3 and
Figure 4.5. The width of these streams changes when moving from north to south from
60 kpc to 30 kpc, respectively. However, these streams are wider than the bristles which
suggest that bristles are possibly magnetic ﬁlaments while the streams are possibly the
variation in the shock front.
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Figure 4.6: Cut-out around the center of the B2 region (twist), revealing two very thin parallel
filaments that are separated by 5 kpc. The image has been made using all data (ABCD configuration)
and with robust=0 weighting. The beam size is 1.′′96× 1.′′50 and the noise level is 6µJy beam−1.
Another distinctive morphological feature visible in our VLA image is the double
strand. The double strand emerges from the brush region and linearly extends to
the east, forming the handle of the Toothbrush, see Figure 4.3. The intrinsic width
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of these strands varies from 30 kpc to 17 kpc when looking from west to east. The
separation of the two strands is about 7′′ corresponding to a physical size of 25 kpc. It
seems that the strands overlap at 06h03m25s +42◦18′′59. It could be also a projection
eﬀect. To the east of the double strand there seems to be several strands again and
they appears twisted (Figure 4.3).
The highest resolution VLA image also reveals that in the twist region, one of the
strands actually consists of two thin parallel “threads” with a separation of about 1.′′3
corresponding to 5 kpc, as shown in Figure 4.6.
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Figure 4.7: Bridge connecting the B3 region of relic to B2. The image has been made using all data
(ABCD configuration) and with robust=0 weighting. The beam size is 5.′′00× 5.′′00 and a noise level
is 8µJy beam−1.
The B3 part of the Toothbrush consist of an arc-shaped ﬁlament extending from north
to south. The highest surface brightness within the B3 region is found at this arc-
shaped ﬁlament. We denote this region as the ‘junction’ (Figure 4.3). In our VLA
1−2GHz images, we ﬁnd low surface brightness emission which connects the northern
tip of the junction to the one end of the strands of the B2 region, labelled as ‘bridge’,
see Figure 4.7. The handle of the Toothbrush, i.e., components B2 and B3, is enigmatic
because of its large and straight extent, and its asymmetric position with respect to
the cluster merger axis.
The complexity of all the identiﬁed structures in the Toothbrush at least rule out that
radio relics are made of a smooth shock surface. The ﬁlamentary structures imply that
the shock morphology and magnetic ﬁelds are likely the main ingredients to form such
structures.
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4.3 Fainter relics E and D
The cluster 1RXSJ0603.3+4214 is also known to hosts two smaller and fainter relics.
The radio relic E is located on the eastern side of the cluster center as shown in
Figure 4.1 panel (c). It shows two bright regions, i.e., E1 and E2. The total extent of
E, from north to south, is about 5.′2 corresponding to a physical size of 1.1Mpc.
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Figure 4.8: High resolution VLA 1−2GHz image of relics E and D (“cone”). The image has been
made using all data (ABCD configuration) and with robust=0 weighting. The beam size is 1.′′96×1.′′50
and a noise level is 6µJy beam−1. The three bright compact regions EA, EB and EC are surrounded
by diffuse low surface brightness emission. The compact sources embedded within relic E, that are
clearly identified at 1.5GHz with optical counterparts visible in the Subaru image, are marked with
red circles.
The high resolution VLA image of relic E is shown in Figure 4.8. We ﬁnd that three
bright regions of relic E, labeled as EA, EB, and EC, are surrounded by low surface
brightness emission. For none of these three regions, we identifed a related radio galaxy.
However, there are several radio galaxies embedded within relic E, marked with the red
circles in Figure 4.8, with optical counterparts but they don’t appear to be associated
with these three regions. This underlines that all three regions are diﬀuse emission.
Relic D is located at the south-west of relic E. The morphology of relic D (Figure 4.8)
is similar as found by van Weeren et al. (2012a) using the GMRT 610MHz data. Part
of the emission resembles a Mach cone of a bullet, see Figure 4.8. Like for relic E, we
do not found a related radio galaxy for relic D.
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Relics E and D show a quite unusual morphology; however, we do not ﬁnd any connec-
tion to a nearby radio galaxy. Given the relatively small size and peculiar morphology
of relic D, we speculate it could trace revised fossil radio plasma, possibly re- accelerated
by a merger induced shock. A similar scenario could also hold for relic E.
4.4 Optical, X-ray and radio continuum overlay
The cluster 1RXSJ0603.3+4214 was observed with the 8.2m Subaru telescope on 25
February 2013 in r, g, and i colors for 2880 s, 720 s, and 720 s, respectively (Jee et
al., 2016). The spectroscopic redshifts were derived from Subaru optical observations
(Dawson et al. in preparation). In X-ray, the cluster was observed in 2013 with the
Chandra X-ray telescope for 273 ks using the ACIS-I camera (van Weeren et al., 2016).
We created an overlay of the optical, X-ray, and radio emission of the cluster region, see
Figure 4.9. The brush part of the Toothbrush is located in the ICM while the handle
extends in a region where the ICM is not so dense.
For relic E, point sources for which we found an optical counterpart are denoted with
red circles in Figure 4.8. As evident the brightest regions of relic E, i.e., EA, EB, and
EC do not show any optical counterparts. For relic D also, we do not ﬁnd any optical
counterparts, which could be assumed to be the source of the radio emission.
4.5 Radio galaxies in the field
In our new VLA images, we detect several head-tail radio galaxies located in the cluster
or its vicinity. The redshift of these sources were provided by William Dawson. The
properties of radio galaxies in the cluster are summarized in Tables 4.1. Head-tail radio
galaxies are expected for a cluster undergoing a merger, traveling with high velocities
through the ICM. Some of the interesting radio sources are shown in Figure 4.10 (radio-
optical overlays).
Source F is a double-lobe radio source with bent lobes and belongs to the cluster. It
has a total extent of 76 kpc and consists of a central core and two extended radio lobes.
Both lobes extend towards the northwest direction.
Sources I and N are foreground spiral galaxies. Sources J and K are evidently head-tail
radio sources and are cluster members. The total extents of J and K are around 70 kpc.
Sources L, W, and X have been resolved in higher resolution images and actually consist
of two diﬀerent sources.
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Figure 4.9: Radio, X-ray and optical overlay of cluster 1RXSJ0603.3+4214. Red shows the radio
emission observed with VLA at a central frequency of 1.5GHz. The VLA image has a resolution of
3′′. Blue shows the Chandra X -ray emission in the 0.5 - 2.0 keV band and in the background is the
color composite optical image created using Subaru data with g, r, and i intensities represented in
blue, green, and red, respectively.
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Figure 4.10: Radio-optical overlay of some of the radio sources located in the cluster. The image
has been made using all data (ABCD configuration). The beam size is 1.′′96 × 1.′′50 and the noise
level is 6µJy beam−1. The green contours are from the VLA image and are drawn at levels of
[1, 2, 4, . . . ] × 4.5σrms. The optical image is the same as in Figure 4.9.
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Table 4.1: Flux density of compact sources in the cluster region
Source S1.5GHz type
mJy
A 286.0± 28.0 quasar
F 5.78± 0.27 double-lobed
G 4.44± 0.32 double lobed
H 2.52± 0.23 double-lobed
I 4.27± 0.53 spiral-galaxy
J 0.58± 0.17 head-tail
K 0.95± 0.21 head-tail
L 0.62± 0.22
N 0.65± 0.12 spiral-galaxy
O 1.72± 0.20 spiral-galaxy
P 0.58± 0.13
Q 0.43± 0.09
R 0.38± 0.08
S1 1.46± 0.09
T 0.33± 0.07
U 24.80± 2.10 double-lobed
V 65.60± 6.01 double-lobed
W 0.30± 0.07 head-tail
X 0.25± 0.06
Sources H, G , V, and U are double-lobed radio galaxies, see Figure 4.10. Source
H displays symmetric radio lobes whose radio emission extends further at both of
the lobes. The radio source V is asymmetric with sharp-edged lobes and bright hot
spots. At 1′′ resolution, the northwest lobe appears to be larger and brighter than the
southeast one. In the optical image, two compact sources are visible, and the compact
core might overlaps with the southern lobe due to projection. Given the asymmetry
of the two lobes, this source could indeed be the core. The radio lobes of source G are
extended and the core is visible at high resolution. The radio emission at the east and
the west lobe is diﬀuse and further extends to the south. The extent of the lobes to
the south may indicate that the source moves relative to some low-density intracluster
or intergalactic medium. The source U has symmetric lobes but without any core.
The deep VLA image has allowed us to identify many compact sources in the ﬁeld of
view, many of them are radio galaxies that belongs to the cluster.
4.6 Flux measurements
Accurately measuring the ﬂux density of extended low surface brightness sources in
sky brightness distributions obtained with interferometers is challenging for several
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reasons: (1) missing short uv-distances, i.e., inner uv-cut (where u and v are coordinate
system for the baselines of an interferometer). The small uv-distance (short baselines)
measures the extended emission while long uv-distance (long baselines) measures the
small scale emission, i.e., compact source. Therefore, if short baselines are missing the
ﬂux of the extended structures gets ‘resolved out’; (2) uv-coverage or the distribution of
antennas. The dense inner uv-coverage is important to recover the extended emission;
(3) the deconvolution of faint emission. The structures with a surface brightness close
to the noise level are diﬃcult to deconvolve and the resulting ﬂux measurements are
very uncertain, for instance in the high resolution image the radio halo is not visible
(Figure 4.1 panel d). The deconvolution of such a low brightness emission is challenging,
in particular at high resolution.
In this section, we investigate how the measured ﬂux density varies when using diﬀer-
ent imaging parameters, namely inner uv-cut and the resolution. The ﬂux densities
reported in this section, unless stated otherwise, are measured from radio maps imaged
with uniform weighting.
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Figure 4.11: VLA 11′′ resolution image depicting the regions where the integrated flux densities
were measured.
Different resolution: In order to ﬁnd how much ﬂux is lost when changing the reso-
lution, we create radio maps at diﬀerent resolutions. The ﬂux density of a radio source
depends on the ratio between the largest angular scale sampled by the interferometer
and the angular size of the source. In Table 4.2, we report the ﬂux values of several
regions. The regions where the ﬂux densities were extracted are shown in Figure 4.11.
As expected, the VLA low resolution image made with all conﬁgurations and without
any uv-cut gives the maximum ﬂux. For instance, the ﬂux density of the Toothbrush
measured from the 25′′ resolution map is 310 ± 21mJy. The ﬂux density of the same
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region when measured from the 25′′ LOFAR and GMRT images is 4428 ± 410mJy
and 767 ± 82mJy, respectively. We then created images at higher resolution, namely
5.′′5. The measured ﬂux densities from the 5.′′5 radio maps at 1.5GHz, 610MHz, and
150MHz are 296 ± 17mJy, 751 ± 78mJy and 3669 ± 378mJy, respectively. This im-
plies that the increase in the image resolution results in a 5% ﬂux loss at all three
frequencies. This imply that in high resolution images low surface brightness emission
is ‘hidden’ in the noise and not deconvolved.
With or without an uv-cut: The VLA, LOFAR, and GMRT images without any
uv-cut give the maximum ﬂux values. For instance, the ﬂux density measured from the
VLA 5.′′5 map is 296±17mJy. However, images made at the same resolution but using
a common inner uv-cut of 0.9 kλ (here, kλ is the unit of uv-distance where k stands for
kilo and λ is the wavelength) give a ﬂux density of 258± 14mJy. We notice the same
ﬂux density reduction for the LOFAR and GMRT data, e.g., without any uv-cut the
ﬂux density of the Toothbrush at 150MHz is 4428 ± 410mJy and with a uv-cut it is
3669± 378mJy. Hence the uv-cut causes a ﬂux loss of about 15%.
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Figure 4.12: Left : Dependence of the 1.4GHz integrated flux density of the Toothbrush on the
uv-cut employed. Right : Same as the left panel but for the 150MHz integrated flux density. The
dashed line is a linear fit.
Different uv-cuts: A simple plot between the measured ﬂux density and the minimum
uv-distance will give us the rough estimate how much ﬂux is lost when we use diﬀerent
inner uv-cut. For the Sausage relic, Stroe et al. (2013) used the 150MHz GMRT
data to ﬁnd the dependence of the ﬂux density on the inner uv-cut employed. They
obtained the total power from 150MHz to 8.3GHz by ﬁtting the points with a uv-
cut smaller than 300λ (see Figure 5 of Stroe et al., 2013). They also produced a mock
radio observation of the Sausage-relic and found that the resultant simulated radio ﬂux
agrees to the one obtained from interferometric data. We performed a similar exercise
with the VLA 1−2GHz and LOFAR 150MHz data. We would like to emphasize that
both the VLA (A, B, C, and D conﬁgurations) and the LOFAR observations have a
dense inner uv-coverage. Figure 4.12 shows the resultant plot of the integrated ﬂux
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Table 4.2: Flux densities and integrated spectra of the diffuse radio sources in the cluster 1RXSJ0603.3+4214
Source VLA GMRT LOFAR LLS α1500150 M
25′′ 5.′′5 and 11′′ 5.′′5 and 11′′ 5.′′5 25′′ 5.′′5 and 11′′
with uv-cut with uv-cut with uv-cut
S1.5GHz S1.5GHz S1.5GHz S610MHz S150MHz S150MHz
mJy mJy mJy mJy mJy mJy Mpc
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
relic B 310.0± 21 296.0± 17.0 258.0± 14.0 751.0± 78.0 4428.0± 410.0 3669.0± 378.0 1.9 −1.15± 0.02 3.78+0.3−0.2
haloC 33.4± 2.7 31.6± 2.6 30.0± 1.2 − 490.0± 56.0 441.0± 44.0 1.7† −1.17± 0.04 −
relicD 5.2± 0.8 4.9± 0.7 4.6± 0.2 13.0± 1.7 98.1± 11.8 87.1± 9.1 0.3 −1.28± 0.05 −
relic E 11.6± 1.3 10.1± 1.2 9.0± 0.3 18.7± 2.2 153.1± 13.0 115.2± 11.8 1.1 −1.11± 0.05 4.3+1.4−0.7
region S 9.1± 1.1 8.4± 1.0 7.7± 0.3 − 172.0± 18.8 148.0± 15.0 0.7 −1.28± 0.05 −
Notes. The regions where the fluxes were extracted are indicated in Figure 4.11;†size of the entire halo, i.e., C=C1+C2.
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densities of the Toothbrush, measured from the VLA and the LOFAR image, versus
the minimum inner uv-cut. We note that the ﬂux density drops by a factor of 27%
at 1.5GHz when using baselines beyond 2000 meters. The same drop in the ﬂux is
also found for the 150MHz LOFAR data. Moreover, for both data sets the measured
ﬂux density decreases linearly with the uv-cut. It is evident from Figure 4.12 that the
uv-cut causes a 15% ﬂux loss. Our ﬂux density measurements of the Toothbrush are
thus, diﬀerent than the one predicted by Stroe et al. (2013).
The image resolution and the uv-cut, thus, lower the true ﬂux density to at least 20%.
Therefore, to ensure that we recover ﬂux on the same spatial scales, we always create
images with a common inner uv-cut of 0.9 kλ. The 0.9 kλ is used to match the scale
of the GMRT with the VLA and LOFAR. Here, 0.9 kλ is the minimum well sampled
uv-distance in the GMRT data. We prefer to measure the ﬂux density from the higher
resolution images where it is easier to separate the real source emission from other
complex sources. Although we lose some ﬂux (less than 5%) when measuring the ﬂux
density from higher resolution images but this eﬀect remains the same for all data sets.
However, this does not aﬀect the integrated spectral index calculations signiﬁcantly.
4.6.1 Integrated radio spectra
To obtain the integrated spectra of relics, we convolved the LOFAR, GMRT, and VLA
images to the same beam size, namely 5.′′5 × 5.′′5. The ﬂux scale issue could result in
an over or under estimation of the ﬂux density, at a particular frequency. Therefore,
we ﬁrst checked the integrated spectrum for compact sources visible in the ﬁeld to
ensure that the VLA, GMRT, and LOFAR observations are on the same ﬂux scale.
The integrated spectra for some of bright sources that are clearly detected at three
frequencies is shown in Figure 4.13 left panel. As visible from the spectrum almost all
sources can be more or less ﬁtted by a single power law. We do not ﬁnd any systematic
break in the spectrum between 150MHz to 1.5GHz.
The integrated synchrotron spectra for relics B, D, and E obtained by combining our
measured ﬂux densities at frequencies 150MHz, 610MHz, and 1.5 GHz, are shown
in Figure 4.13 right panel. The radio spectrum of the Toothbrush has been studied
extensively. van Weeren et al. (2012a) reported that the integrated spectrum from
74MHz to 4.9GHz has a power-law shape with αint = −1.10± 0.02. Later on Stroe et
al. (2016) studied the integrated spectrum of the Toothbrush from 150MHz to 30GHz
and detected a spectral break above about 2GHz. They reported that the spectral
index steepens above 2GHz from α = −1.00 to α = −1.45. Recent high frequency
observations at 4.85GHz and 8.35GHz with the 100m-Eﬀelsberg telescope indicates
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Figure 4.13: Left : Integrated radio spectra of the radio galaxies with clear detections at all frequen-
cies, for labelling see Figure 4.1 panel (c). Right : Integrated spectra relics B, D and E for 150MHz,
610MHz and 1.5GHz. Dashed lines are fitted power-laws with indices given in Table 4.2.
that the integrated spectrum of the Toothbrush has a power-law shape with index
α = −1.0± 0.04 up to 8.35GHz (Kierdorf et al., 2016). Hence it remains unclear if the
integrated spectrum of the Toothbrush is curved at high frequencies or not.
For the Toothbrush, we obtain a spectral index of −1.15±0.02 which is consistent with
the previous values of −1.10± 0.02 (van Weeren et al., 2012a) and −1.09± 0.05 (van
Weeren et al., 2016). The spectrum is ﬁtted well by a single power law. We do not ﬁnd
any evidence for a spectral steepening in the frequency range 150-1500MHz. From the
integrated spectrum, we derive a Mach number ofM = 3.78+0.3−0.2 for the Toothbrush.
For the fainter relic E, we measure an integrated spectral index of −1.11±0.05, suggest-
ing a Mach number of 4.3+1.4−0.7. The integrated spectral index of relic D is −1.28± 0.05.
4.7 Bright compact source
For the brightest compact source in the ﬁeld, source A (B3 0559+422A), we measure
a ﬂux density of 286 ± 28 mJy at 1.5 GHz. The radio source has been catalogued as
a quasar by Andrei et al. (2009) and its redshift information is not available in the
literature.
In Figure 4.14, we show the radio spectrum of the source A between 75MHz to 8GHz.
The radio spectrum of source A appears to have a spectral break towards low frequen-
cies. The turnover is visible at around ∼ 1.5GHz. The physical processes that could
be responsible for the low-frequency cutoﬀ in the radio spectrum are synchrotron self-
absorption or free-free absorption (O’Dea, 1998; de Kool and Begelman, 1989). The
spectral shape, source variability and source size are important properties that are used
to identify which processes play a role (Kellermann and Pauliny-Toth, 1968; Keller-
mann, 1966).
4.8. Summary 47
!"" !""" !""""
!""
Figure 4.14: Integrated radio spectrum of source A. The flux density measured from our radio maps
using the VLA, GMRT, and LOFAR are shown in red. The flux density at 75 MHz is taken from
VLSS Lane et al. (2012) and the rest of the flux density measurements were taken from other sources
(Ficarra et al., 1985; Gregory and Condon, 1991; Becker et al., 1991; Patnaik et al., 1992; Condon
et al., 1998; Marecki et al., 1999).
A potentially variable source is clearly not a good ﬂux calibrator, e.g., source A. More-
over, ﬂuxes are not well measured in literature so one should be careful while using
such sources as a good ﬂux calibrator. This bright source A had to be modeled with
more nterms to approximate the spectral shape.
4.8 Summary
We presented the 1−2GHz radio-continuum image of the cluster 1RXSJ0603.3+4214.
The new VLA observations allowed us to study the total intensity features down to
one arcsec resolution with very high sensitivity. The main results are:
1. The Toothbrush is made of complex ﬁlamentary structures. The complexity of
the ﬁlamentary structures identiﬁed in the Toothbrush relic rule out the fact that
radio relics are caused of a smooth shock surface.
2. The bright brush has a striking narrow ridge to its north with a quite sharp outer
edge. At the narrowest region, the ridge has a width of about 25 kpc. We ﬁnd
that the ridge branch to the west implying a complex shock structure.
3. The brush region is remarkably ﬁlamentary. In the brush region, we ﬁnd several
3 to 5 kpc arc-shaped ﬁlaments, ‘bristles’, that are more or less perpendicular
to the ridge. In addition to the downstream of the ridge, we ﬁnd three curved
shaped ﬁlaments, the ‘arches’.
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4. The region B2 consists of two distinct linear ﬁlaments, the ‘double strand’, which
connects the bright brush to B2. The B2 region also shows two thin parallel
ﬁlaments, ‘threads’, that are separated by 5 kpc. At the intersection of the region
B2 and B3, we ﬁnd an arc-shaped ﬁlament, extending from north to south. The
tip of this ﬁlament in B3 region seem to be connected to region B2 via a low
surface brightness emission, the ’bridge’.
5. The fainter relic E consists of three bright compact regions. There are no optical
counterparts at location of these compact region in emission. We do not ﬁnd any
nearby radio galaxies, which could be the source of radio emission.
6. The radio spectrum of relics B, D, and E follows power law spectrum between
150MHz and 1.5GHz. The integrated spectral index of the Toothbrush is−1.15±
0.02, yielding a Mach number ofM = 3.78+0.3−0.2.
7. We ﬁnd that the uv-cut has a similar eﬀect on the VLA, GMRT, and LOFAR
data and does not aﬀect the integrated spectral index signiﬁcantly.
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Chapter 5
Spectral and curvature analysis of the
Toothbrush
The spectral properties of relics provide useful information about the energy spectrum
of the relativistic particles and the magnetic ﬁeld distribution in galaxy clusters. In
this chapter, we present a multi-frequency study of the Toothbrush and the other two
fainter relics. With the new VLA data, we can study the spectral index and curvature
distribution of the Toothbrush down to 4.5′′ resolution.
5.1 Spectral analysis of the Toothbrush
The Toothbrush is known to show a clear spectral index gradient towards the cluster
center (van Weeren et al., 2012a). The spectral steepening is considered to reﬂect
the aging of the relativistic electron population in the post-shock areas of an outward
moving shock. The new VLA observations allows us to create a high frequency high
resolution spectral index map of the Toothbrush.
5.1.1 Spectral index map
To construct the spectral index maps, we ﬁrst created images using both the LOFAR
and the VLA data with a common inner uv-cut of 0.2 kλ. This ensures that ‘resolving
out’ a possible large-scale ﬂux distribution has a similar eﬀect on both data sets. Here,
the 0.2 kλ uv-cut correspond to the minimum baseline sampled by the VLA data. For
imaging, we use multiscale clean and nterms = 2. The imaging uses uniform weighting
for both data sets. The resultant images have slightly diﬀerent resolutions due to
diﬀerent uv-coverages of the LOFAR and VLA data. Therefore, we convolved the
VLA image and the LOFAR images to a common resolution i.e., 5.′′5. We then checked
the astrometry and alignment of both the images. To have the same pixel position in
both the images, we used the CASA task imregrid. Pixels with a ﬂux density below
5 σrms in each of the individual images were blanked. Finally, we computed pixel-wise
the spectral index maps, using the CASA task immath, by combining the ﬁnal images
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according to:
α =
ln S1
S2
ln ν1
ν2
(5.1)
where S1 and S2 are the ﬂux density values at each pixel in the VLA and LOFAR maps
at the frequencies ν1 = 1500MHz and ν2 = 150MHz.
In order to derive the spectral index uncertainty map, we take into account the image
noise and the absolute ﬂux calibration uncertainty. The ﬂux scale uncertainty ferr of
VLA L-band is about 4% (Perley and Butler, 2013) and for LOFAR we assume it to
be 10%. We estimate the spectral index error via:
∆α =
1
ln
(
ν1
ν2
)
√(
∆S1
S1
)2
+
(
∆S2
S2
)2
(5.2)
where ∆S1 and ∆S2 were calculated as:
∆Sj =
√
(ferr × Sj)2 + (σjrms)2 (5.3)
where j ∈ 1, 2 and σjrms is the corresponding RMS noise in the image.
The 5.′′5 resolution spectral index map of the Toothbrush between 150 MHz LOFAR and
1.5GHz VLA data is shown in Figure 5.1. The map evidently conﬁrms the remarkably
uniform spectral steepening towards the cluster center, varying roughly from −0.68 to
−2.0. These values are in agreement with van Weeren et al. (2016). The B2 region,
where the double strand appears twisted, shows the ﬂattest spectral index, namely
α = −0.68± 0.06. The B3 region also shows a few patches with a ﬂat spectral index.
From our high resolution spectral index map, interesting details become visible: at the
ridge, the spectral index is slightly ﬂatter than reported earlier (van Weeren et al.,
2016), namely α = −0.75 ± 0.05. In the double strand, it becomes evident that at
the northern strand the spectral index is ﬂatter and downstream of it, the spectrum is
steeper. Surprisingly, at the southern strand the spectrum again becomes ﬂatter. The
change in the spectral index across the double strand might be due to a new injection.
Another possible explanation for the change in the spectral index across the double
strand could be an increase in the strength of the local magnetic ﬁeld which brightens
up the emission and ﬂattens the spectrum.
To investigate the spectral index distribution along the northern edge of the Tooth-
brush, with distance increasing from east to west, we determine the spectral indices
in small square regions, see Figure 5.2 top panel. The size of these boxes are approxi-
mately equal to the restoring beam size of the map, i.e., 5.′′5. The extracted spectral
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Figure 5.1: Top: Spectral index map of the Toothbrush between 150MHz and 1.5GHz at 5.′′5
resolution, overlaid with the VLA contours. The contour levels are drawn at [1, 2, 4, 8, . . . ] × 4.5σrms
and are from the VLA image. The color bar shows spectral index α from −2 to −0.4. Bottom:
Corresponding spectral index uncertainty map. (Figure adopted from Rajpurohit et al., 2017).
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Figure 5.2: Top: Box distribution across the Toothbrush overlaid on the VLA total intensity map
at 5.′′5 resolution. The width of the boxes used to extract the indices is 5.′′5.Bottom: Extracted
spectral index between150 and 1500MHz across the Toothbrush, from north to south, with the distance
increasing from east to west. The dashed blue horizontal line indicates the average spectral index of
α = −0.75 ± 0.05 at the ridge. A shift in the spectral indices is clearly visible across the entire relic
caused by lowering the resolution. The red dots trace the VLA 1.5GHz flux density along the relic,
corresponding to the spectral indices shown with the magenta color, revealing a correlation between
the brightness and the spectral index. Systematic uncertainties in the flux-scale were included in the
error bars.
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index proﬁle is shown in the Figure 5.2 bottom panel with black dots. At the north-
ern edge of the Toothbrush, the spectral index varies mainly between −0.70 to −0.90.
However, at the shock front the spectral index is roughly about −0.75, which is con-
sistent with what we obtained from the spectral index maps. The obtained values are
slightly ﬂatter than reported by van Weeren et al. (2016). To compare our spectral
index map with that of van Weeren et al. (2016), we also create a spectral index map at
a 6.′′5 resolution. The extracted spectral indices from the 6.′′5 resolution map is shown
in Figure 5.2 bottom panel with the magenta dots. The spectral index at the shock
front is about −0.80 and is consistent with van Weeren et al. (2016). Evidently, there
is a shift in the spectral indices across the entire radio relic caused by lowering the
resolution. This raises the question how we can identify the actual injection spectrum
at the shock front. Our investigation indicates that the spectral index ﬂattens with
increasing resolution, hence with an even better resolution, we may even ﬁnd ﬂatter
spectral indices.
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Figure 5.3: High resolution (4.′′5) spectral index map of the brush region, between 150MHz to
1.5GHz, demonstrating at the ridge spectral index is in the range −0.70 ≤ α ≤ −0.80. Contours
show the VLA flux density distribution. Contour levels are drawn at [1, 2, 4, 8, . . . ] × 4.5σrms, where
σrms = 7µJy beam
−1. The color bar shows spectral index α from -2.2 to -0.6.Right : Corresponding
spectral index uncertainty map.
As mentioned above, the spectral index ﬂattens with increasing resolution, therefore,
to obtain the ﬂattest spectral index across the Toothbrush, we produce the VLA and
LOFAR image at 4.′′5 resolution, i.e., the maximum resolution achieved with the LOFAR
data. We blanked pixels with values less than 5σrms. The resultant spectral index map
is shown in Figure 5.3. Due to limiting signal-to-noise ratio of the LOFAR data at the
B2 and B3 regions, the spectral index map of the entire relic cannot be shown and
analyzed at 4.′′5 resolution. From Figure 5.3, it is evident that at the location of the
shock , the spectral index is apparently ﬂatter than the one obtained from the 5.′′5
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spectral index map, namely −0.70 ≤ α ≤ −0.80, conﬁrming that the ﬂattest spectral
index obtained is resolution dependent.
Viewed at such a high-resolution (Figure 5.3), the spectral index map of the brush
region shows small-scale features that were detected in the total intensity maps, for
instance, we can now see that the bristles tend to have a slightly ﬂatter spectrum. At
the location of the shock, the spectral index is apparently ﬂatter, namely −0.70 ≤ α ≤
−0.80. Interestingly, the spectrum already steepens across the ridge from α = −0.70
to −0.96. Moreover, the spectral index at the shock front shows some variations as
already noticeable in Figure 5.3.
The spectral index steepening along the ‘streams’ of emission that emerges from the
brush is also visible as reported by van Weeren et al. (2016). In fact, a clear north-south
gradient is also seen across the streams, with a steepening up to −2.0 ± 0.10 at the
southern ends. However, we do not ﬁnd any evidence of the spectral index ﬂattening
at the southern end of the streams as found by van Weeren et al. (2016).
We also investigate the radio brightness distribution across the northern edge of the
Toothbrush, with distance increasing from east to west. The resultant plot is displayed
in Figure 5.2. It is evident that the relic brightness is not uniform across its extension.
Interestingly, the ridge also shows brightness variations.
The comparison of the spectral index with brightness distribution along the northern
edge of the Toothbrush, from east to west (same region where we extracted spectral
indices) reveals that there is a correlation between these two, i.e., brighter regions tends
to be ﬂatter. Variations on the order of 0.2 in the spectral index are seen in the brightest
regions, like in the brush. For a curved electron energy distribution, an increase in the
magnetic ﬁeld strength will increase the emissivity which brightens the emission and
ﬂattens the spectrum (Ellison and Reynolds, 1991). Thus brighter regions should have
ﬂatter spectra and the presence of correlation between spectral index and brightness
favors this interpretation. To check a possible correlation between the spectral index
and the brightness, we perform a Spearman’s rank correlation test. We ﬁnd that the
p-value is less than 0.05, which indicates that the correlation is statistically signiﬁcant.
5.1.2 Spectral curvature maps
All of the known models for the formation of relics predict a spectral curvature gradient
towards the cluster center. This is believed to reﬂect the active acceleration at the
location of shock front and radiation losses in the downstream region. The Sausage
relic is the only known relic with a clear detection of the curvature gradient (Stroe et al.,
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Figure 5.4: Regions used for studying the brush region.The width of each magenta colored rectan-
gular box is 0.′′7 corresponding to 2.5 kpc. The full length of the magenta region is about 164 kpc.
2013). We used the LOFAR , GMRT, and VLA observations to derive the curvature
map for the Toothbrush. We convolved all maps to 5.5 ′′resolution and re-grided them
with respect to the 1.5 GHz VLA image. The spectral curvature map (SC) at three
frequencies were derived as
SC = −αν1ν2 + αν2ν3 (5.4)
where ν1 is the lowest frequency (150 MHz), ν2 is the central frequency (610 MHz) and
ν3 is the highest one (1500 MHz).
The resulting map is shown in left panel of Figure 5.5 left panel. We blanked all pixels
below 5σrms. A curvature gradient from north to south across the Toothbrush is clearly
visible. The spectral curvature mainly varies between 0 to −1.2. The accepted models
for acceleration of particles predict zero curvature at the shock front and increase in
the spectral curvature into the downstream areas.
From our curvature map, it is evident that at the shock front, the SC ∼ 0, indicating
that all electrons emitted between 150 to 1500MHz were recently accelerated. However,
due to some faint upstream emission in the LOFAR150 MHz image (very likely related
to the imaging artifacts in the LOFAR image), the curvature at the upstream edge of
the shock is not exactly zero. In the downstream area, the curvature increases to −1.2
because of the energy loses, mainly through synchrotron radiation and IC scattering.
We also observe small scale sub-structure, possibly bristles, in the brush region where
the SC varies. This suggests that these sub-structures may have a spectral break at
diﬀerent frequencies.
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Figure 5.5: Curvature map of the Toothbrush relic between 150 to 1500MHz at 5.5′′ resolution.
Right : Radio color-color plot of the brush region. Black data point shows the extracted spectra from
red boxes. Blue data points are extracted from magenta colored boxes. In both plots, the contour
levels are drawn at [1, 2, 4, 8, . . .] × 4σrms, σrms = 8 µJy beam−1 and are from VLA image.
5.1.3 Radio color-color diagrams
To gain more insight into the spectral shape across the relic emission, we employed
the color-color plots described by Katz-Stone et al., 1993. The color-color plots are
useful for determining injection spectral index and for distinguishing source regions
with diﬀerent properties which in turn can give additional insight into the physical
process taking place at these emitting regions, for instance spectra at diﬀerent location
indicates the energy losses of the radiating particles. To created the color-color plot,
ﬁrst we constructed high and low frequency spectral index maps. The low frequency
spectral index was created using 150 and 610MHz observations and the high frequency
spectral index was obtained using 610 and 1500MHz observations.
We performed the spectral analysis for B1 region only. The color-color plot for the B1
region is plotted in Figure 5.5 right panel. We ﬁrst consider regions averaged over larger
volumes. The black points show the spectra extracted from the red regions (Figure 5.4),
when averaged over the large area. The resulting proﬁle for B1 is somewhat similar
to what has been reported by van Weeren et al. (2012a). The intersection point at
α150610 = α
610
1500 gives an injection spectral index. However, there is no obvious intersection
point in the measured data, since the measured curve is slightly bent.
After this, we make a color-color plot for the region with green boxes (Figure 5.4).
We considered small regions to include and investigate the small-scale features. The
resultant plot is shown with blue points. The color-color plot shows a strange ‘arc’
towards the upstream. A shift in the source position or a diﬀerent eﬀective resolution
of the images could originate such an arc-shaped spectrum. Therefore, we checked
point sources in the ﬁeld to verify that there is no oﬀset between the LOFAR, GMRT,
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and VLA images but we do not ﬁnd any systematic eﬀect. However, such a curve is
hard to explain by any aging models.
5.2 Spectral index map of relics E and D
The spectral index map for fainter relics is shown in Figure 5.6. To create the spectral
index map for relics E and D, we convolved the VLA and LOFAR image to a common
resolution of 11′′ × 11′′.
Figure 5.6: Left: Spectral index map for the relics E and D between 150 and 1500MHz at 11.0′′
resolution. Contour levels are from the VLA and drawn at [1, 2, 4, 8, . . . ] × 4.5σrms, where σrms =
12µJy beam−1. Right: Corresponding spectral index uncertainty map.
The spectral indices in relic E range from −0.70 to −1.50. For some regions of relic E,
our high resolution spectral index map reveals a relatively ﬂat spectral index of about
−0.70±0.10, see Figure 5.6. We investigate regions showing a ﬂatter spectral index and
searched for compact radio sources with optical counterparts. From the radio-optical
overlay (Figure 4.8) it is clear that the brightest regions (EA, EB, and EC), showing
a ﬂat spectral index, namely α = −0.70, do not show any optical counterparts. The
spectral index and brightness distribution across the relic, with distance increasing from
north to south, is shown in Figure 5.7. For relic E, there seems to be no correlation
between the spectral index and brightness.
Relics are expected to show a spectral index gradient, as the Toothbrush or Sausage-
relic (van Weeren et al., 2010; van Weeren et al., 2012a; van Weeren et al., 2016; Hoang
et al., 2017). We do not ﬁnd a signiﬁcant spectral index gradient towards the cluster
center, i.e., from east to west, for relic E.
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Figure 5.7: Extracted spectral index between 150MHz and 1.5GHz across relic E, from north to
south, is shown with black dots. The red dots trace the VLA 1.5GHz flux density across the relic,
corresponding to the spectral indices shown with the black color. The red boxes have a width of 11′′.
Systematic uncertainties in the flux-scale were included in the error bars.
For relic D we conﬁrm the southwest spectral index steepening, varying from −0.85 to
−1.70, as reported by van Weeren et al. (2016). They found the spectral index for relic
D is in the range of −0.90 to −1.40. It is interesting to see that the spectrum ﬂattens
from south to west while the bright region of relic D (cone) is to the west which shows
a relatively steeper spectrum.
5.3 Derived Mach numbers
We obtained an integrated spectral index of α = −1.15 ± 0.02 for the Toothbrush,
yielding a Mach number ofM = 3.78+0.3−0.2, see Table 4.2.
Another way to obtain a Mach number using radio observations is to measure the
injection spectral index directly from the high resolution spectral index maps. From
the spectral index map, shown in Figure 5.3, we ﬁnd that the ﬂattest spectral index
at the northern shock front is about −0.70. This injection corresponds to a Mach
number of M = 3.3+0.4−0.3. We do not ﬁnd a signiﬁcant discrepancy between the Mach
numbers obtained from the injection spectral index and the integrated spectrum. The
Mach number measured from the injection index is more or less consistent with the one
obtained from the integrated spectral index. However, we would like to emphasize that
the injection index measured from spectral index maps does not necessarily indicate the
actual injection spectrum, as seen in Section 5.1.1. Hence, the Mach number obtained
from the radio spectral index map is a lower limit.
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The Chandra observations of 1RXSJ0603.3+4214 revealed a weak shock of Mach num-
ber MX−ray ≈ 1.2 at the northern edge of the Toothbrush (van Weeren et al., 2016).
Thus, the observationally derived radio and X-ray shock Mach numbers diﬀer signiﬁ-
cantly for this radio relic. The recent polarization study of the Toothbrush by Kierdorf
et al., 2016 suggests that the relic lies behind the cluster. We argue that the X-ray
observation underestimates the strength of the shock since un-shocked ICM along the
line of sight lowers the measured surface brightness and temperature jumps. We sug-
gest that the shock in the densest region is rather weak. Finally, the ridge branching
indicates that the geometry of the shock front is complex and hence the transition
might be signiﬁcantly smeared out (Rajpurohit et al., 2017).
5.4 Summary
We presented the high frequency (150-1500MHz) high resolution spectral index map
of the Toothbrush and two fainter relics. The VLA observations in combination with
published GMRT and LOFAR data allowed us to study the spectral distribution in
detail. The main results are:
1. The spectral index map of the Toothbrush between 150MHz and 1.5GHz shows
that the spectral index is in the range −0.70 ≤ α ≤ −0.80 at the ridge, i.e., X-ray
shock front. The spectral index changes within the ridge.
2. The spectral index changes across the double strand, suggesting either a new
injection or a change in the magnetic ﬁeld. From the spectral index map, we
obtained a Mach number ofM= 3.3+0.4−0.3 for the Toothbrush.
3. The Mach number obtained from the injection index is more or less consistent
with the one obtained from the integrated spectrum. However, we ﬁnd that the
spectral index maps can only provide a lower limit for the actual injection spectral
index. The discrepancy between the X-ray and radio-derived Mach numbers may
originate from the fact that the X-ray surface brightness is dominated by the
densest region in the ICM along the line of sight, where the shock is rather weak
4. For the fainter relic E, we do not ﬁnd a signiﬁcant spectral steepening which
would be typical for relics. We also report the occurrence of the ﬂat spectral
indices across the relic E, namely α = −0.70 to −0.80.
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Chapter 6
A giant extended radio halo in
1RXSJ0603.3+4214
The massive galaxy cluster 1RXSJ0603.3+4214 is known to hosts a Mpc-sized extended
radio halo. In this chapter, we present the 1−2GHz detailed images of the radio halo
present in this cluster, obtained from the VLA observations.
The halo was detected by van Weeren et al. (2012a) with the GMRT telescope. A more
recent study performed with the LOFAR at 150MHz shows that size of the halo is about
2Mpc, and it appear to be connected to the brush region of the Toothbrush relic. These
observations also revealed a remarkably uniform spectral index distribution across the
halo, namely α = −1.16 (van Weeren et al., 2016). It has been found that the radio
halo and the brush region of the Toothbrush are connected by a region with a spectral
index of α = −2.0 after which the spectrum ﬂattens gradually to α = −1.0 and returns
to being uniform in the central part of the halo. van Weeren et al. (2016) suggested
that the ﬂattening of the spectral index is due to the re-acceleration of perviously shock
accelerated electrons by merger-induced turbulence, indicating a connection between
the shock and turbulence. They also reported that the southern end of the radio halo
is edge sharpened and is characterized by high temperature map, namely 11− 15 keV.
Recently, a merger driven shock front and a cold front is also detected in the southern
part of the halo (van Weeren et al., 2016).
6.1 VLA 1-2GHz total intensity images
The 1-2 GHz VLA radio continuum images of the radio halo in 1RXSJ0603.3+4214 at
diﬀerent resolutions are shown in Figure 4.1. Our VLA images conﬁrms the extended
radio halo emission. The halo emission is not detected at very high resolution due to
its low surface brightness, for example at 5′′ (Figure 4.1 panel (d)). At 1-2GHz, the
radio halo has a largest angular size of about 8.′7 corresponding to a physical extent of
1.7Mpc.
The shape of the halo in the VLA images is similar to that of the low frequency
LOFAR and the GMRT images, i.e., mainly elongated along the merger direction.
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Figure 6.1: A comparison of the radio halo at VLA 1-2GHz and the LOFAR 120-181MHz (van
Weeren et al., 2016). Both images have similar resolution of 7′′. To compare radio morphologies
at these two frequencies, colors in both images were scaled manually. In both images the yellow
rectangular box indicates the ‘relic+halo’ region. The dashed line denotes a boundary between the
C1 and C2 region of the radio halo. The C1 and C2 regions are divided on the basis of the X-ray
subclusters boundary. The southernmost part of the halo is denoted as region S. We define that region
of the halo which excludes both the relic+halo region and region S as ‘central region’.
Radio halos usually have smooth morphologies, however, in the present halo emission
appears patchy. van Weeren et al. (2012a) subdivided the halo into two distinct regions,
namely C1 and C2, see Figure 4.1 panel (d). Unlike LOFAR 150 MHz image, the
VLA image clearly show a slight decrease in the surface brightness which apparently
separates the relic (Toothbrush) and the halo i.e., where the relic B emission ends and
the halo C emission starts, see Figure 6.1. It is worth noting that the transition from
the halo to relic, i.e., from regions where diﬀerent types of diﬀuse emission dominate the
surface brightness, appears at a diﬀerent location in the VLA image than the LOFAR
image.
In our VLA high resolution radio maps, we detected 32 discrete sources (> 5 σrms)
within the halo region, including several head-tail radio galaxies. These radio sources
were not detected in the perviously published data. The measured ﬂux density of the
entire radio halo at 10′′ resolution, without subtracting these 32 sources, is 53.0 ±
4.0mJy. We use our sensitive high resolution image to measure the ﬂux densities of
the compact sources in the halo region which may contribute to the total ﬂux density
at the lower resolution. The combined total ﬂux density of the 32 discrete sources is
∼ 13mJy, which means ∼ 25% of total ﬂux resides in these sources. The ﬂux density
of the halo hence amounts to Shalo1.5GHz ∼ 40.0mJy.
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In the VLA high resolution maps, we ﬁnd that there are several radio galaxies embedded
within the C1 region, for example sources labeled as J, K, L ,T, and S, see Figure 4.1
panel (d) for labeling. The measured ﬂux densities of the C1 and C2 regions are about
24 mJy and 29 mJy, respectively. We conﬁrm that the southern part of the radio halo
shows a sharp outer edge.
6.2 Analysis of the halo
To study the spectral characteristics of the radio halo, we use the VLA 1-2 GHz,
GMRT 610MHz and the LOFAR 120-181MHz observations. We also use the Chandra
observations to study the X-ray emission.
6.2.1 Integrated spectrum
As mentioned in Chapter 4, the radio observations reported here were performed using
three diﬀerent interferometers each of which has diﬀerent uv-coverages. This results in
a bias in the total ﬂux density measurements, the integrated spectra, and the spectra
index maps. To overcome these biases, we create images at 150MHz and 1.5GHz with
a common minimum inner uv-cut of 0.2 kλ. Here, 0.2 kλ is the minimum uv-distance of
the LOFAR data. These images were created using uniform weighting as it compensates
best for diﬀerences in the sampling density in the uv-plane when combining diﬀerent
interferometric data with non-identical uv-coverages (Stroe et al., 2016). We do not
include the GMRT 610MHz observations for the halo spectral studies because the
GMRT 610MHz data suﬀers from missing short baselines, which is crucial for faint
extended emission.
To obtain the integrated spectral index of the radio halo, we convolve the LOFAR and
VLA images to the same beam size of 11′′×11′′. We divide the halo into three regions,
namely ‘relic+halo’, central region and region S (Figure 6.1). We note that ‘relic+halo’
region belongs to the relic (Toothbrush) according to the surface brightness at 150MHz
but at 1.5GHz to the halo. Therefore, when determining the integrated spectrum of the
halo, this region is excluded. We also exclude the region S for computing the integrated
spectral index of the halo as this region may have a diﬀerent origin (Section 6.2.2). The
region S is not visible in the 610 MHz high resolution images. Therefore, to obtain
the integrated spectral index of region S, we convolve the LOFAR, GMRT and VLA
images to the same beam size of 20′′ × 20′′.
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Figure 6.2: Integrated spectra of the radio halo and region S. Dashed lines are fitted straight power-
laws. The regions where the integrated flux densities were measured are shown in Figure 4.11. The
radio spectrum of region S is steeper than the halo spectrum.
The resultant integrated spectra of the halo and the southern part of the radio is shown
in Figure 6.2. For the radio halo, we ﬁnd an integrated spectral index of −1.17± 0.04.
The integrated spectral index of region S is −1.28 ± 0.05, which is steeper than the
spectral index of the halo, and is well described by a single power law spectrum.
Feretti et al. (2004a) and Giovannini et al. (2009) claimed a correlation between the
radio halo integrated spectral index and the average X-ray gas temperature. According
to this correlation, clusters with higher temperature (T ≥ 10 keV) tend to host halos
with a ﬂatter spectrum (an average spectral index about −1.2), while cooler clusters
(T ≤ 8 keV) host steep spectrum halos (an average spectral index of about −1.7).
1RXSJ0603.3+4214 is a moderately hot cluster with a rather shallow integrated spec-
trum. This may favor the re-acceleration models since, clusters with high temperatures
are more massive and undergo a violent merger, resulting in supplying more energy to
the radio-emitting particles.
6.2.2 Radio and X-ray comparison
In many cases, the morphological features of radio halos show a close similarity to
the X-ray features, indicating a connection between the hot and relativistic plasmas
(Govoni et al., 2001a). However, there are also some systems in which the radio halo
emission does not appear to follow the X-ray emission very well, for example in the
Coma cluster (Brown and Rudnick, 2011), Abell 3562 (Giacintucci et al., 2005), and
MACSJ0717.5+3745 (Bonafede et al., 2012; van Weeren et al., 2017a).
The X-ray observations of the cluster 1RXSJ0603.3+4214 showed that the ICM is
dominated by two main components (Ogrean et al., 2013; van Weeren et al., 2016).
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The southern component is brighter than the northern one. The X-ray observations
also revealed the presence of a cold front at the southern edge of a triangular ‘bullet-
like’ structure. In Figure 6.3 left panel, we compare the X-ray and radio morphology
of the halo emission. Evidently, the X-ray and radio morphology are strikingly similar,
indicating a connection between the thermal gas and relativistic plasma.
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Figure 6.3: Left : VLA 1-2GHz radio contours superposed on the smoothened Chandra X-ray
image (0.5 to 2 keV band). The resolution of the VLA image is 15′′. Contour levels are drawn at
[1, 2, 4, 8, . . . ] × 4.5σrms, where σrms = 16µJy beam−1. The yellow line shows the location of the
southern shock front detected in Chandra observations. Right : Xray-radio surface brightness profiles
along the major axis of the radio halo. The 1.5GHz VLA brightness profile at a resolution of 16′′
is shown with red dots while the Chandra X-ray profile with a black solid line. The vertical yellow
and blue dashed line indicate the location of the shock front and the cold shock front. (Adopted from
Rajpurohit et al., 2017).
The emission from the radio halo extends all over the detected X-ray emission. The
X-ray surface brightness enhancement between the two sub-clusters component and
the radio surface brightness in the same region trace each other. However, the radio
emission extends further to the south where the X-ray emission is fainter, namely region
S. van Weeren et al. (2016) recently dectected a shock front at the southern edge of
region S, shown with a yellow line in Figure 6.3. The southern boundary of region
S aligns nicely with the southern shock. A similar positioning is observed in some
other systems as well, for example in the Bullet cluster (Shimwell et al., 2014), A754
(Macario et al., 2011), A2744 (Owers et al., 2011; Pearce et al., 2017), A520 (Vacca
et al., 2014) and the Coma cluster (Uchida et al., 2016).
In order to examine and compare the X-ray and radio emission along the line from
C1 to C2 region with distance increasing from north to south, we extract the average
brightness pixelwise. We ﬁrst subtract discrete unrelated sources embedded in the halo
and then measure the surface brightness in regions indicated with green in Figure 6.6.
The resultant proﬁle is shown in Figure 6.3 right panel. The X-ray and radio proﬁle
clearly show two sub-cluster components. The center of the northern and the southern
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sub-cluster of the radio emission coincides with the X-ray morphology and there is no
oﬀset. Moreover, the radio proﬁle reveals a region of prominent enhanced emission
which does not correlate with the X-ray structure, i.e., the region between the cold
front and the southern shock front.
The X-ray and radio brightness proﬁle suggests that the emission in region S may have a
diﬀerent origin than that of the halo, see Figure 6.3 right panel. A cluster undergoing a
merger drives shocks and generates turbulence throughout the ICM, providing potential
acceleration sites for relativistic particles responsible for radio halos (Feretti et al., 2012;
Brunetti and Jones, 2014). As there is a shock detected at the southern edge of region
S, therefore, this region could be related to that shock front.
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Figure 6.4: Left : Iradio − IX−ray relation of the radio halo in 1RXSJ0603.3+4214. The error-bars
represent the RMS of the brightness distribution within each cell. The black dashed line indicate a
power-law fit. Right: The Chandra X-ray image in the 0.5 to 2 keV band is shown in grey scale.
Red and cyan boxes show the regions used for extracting the fluxes. Both cyan and red cell have
a width of 30′′. The surface brightness extracted in cyan cell are indicated by black dots. The red
dots are extracted across the southernmost part of the radio halo, i.e., region S. (Figure adopted from
Rajpurohit et al., 2017).
In several clusters hosting a giant radio halo, a radio to X-ray spatial correlation has
been observed, e.g., in Abell 2319, Abell 2163, Abell 2744, Abell 520, Abell 2255 and the
Coma cluster (Govoni et al., 2001a; Govoni et al., 2001b; Feretti et al., 2001; Venturi
et al., 2013; Vacca et al., 2014). To investigate such a correlation in the present radio
halo, we perform a quantitative point-to-point comparison of the radio and X-ray
brightness. We exclude regions where there is a point source. The plot of the radio
versus X-ray brightness excluding region S is shown in in Figure 6.4. We ﬁnd that the
radio brightness correlates well with the X-ray brightness: a higher X-ray brightness is
associated with a higher radio brightness. The data is ﬁtted with a power law of the
type:
Iradio ∝ IbX−ray, (6.1)
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where the radio brightness Iradio and X-ray brightness IX−ray are expresses in ex-
pressed in µ Jy beam−1 and mCounts s−1arcsec−2, respectively. We obtain a slope of
b = 1.25±0.16. This is more or less consistent (within 2 σ) with the radio surface
brightness proportional to the X-ray surface brightness, as found for other giant radio
halos (Govoni et al., 2001a; Govoni et al., 2001b).
The radio and the X-ray brightness distribution across region S, i.e., the region between
the cold front and the southern shock front, is indicated by red dots in Figure 6.4. The
region S is evidently distinct and does not appear to be connected with the rest of the
halo.
6.2.3 Spectral index maps
The radio halo spectral index maps provide useful information on their origin and
connection with the merger processes. The spectral index distribution is also important
to test predictions of diﬀerent models for the electron energy distribution. For example,
a systematic variation of the radio halo spectral index with distance from the cluster
center is predicted by re-acceleration models (Brunetti et al., 2001). The correlation
between the spectral index and the thermal gas temperature reﬂects a possible link
between the thermal and non-thermal components of the ICM (Feretti et al., 2004b;
Orrú et al., 2007). According to this scenario, the ﬂattest spectra correspond to regions
with the highest temperature. Moreover, the presence of the halo in 1RXJ0603.3+4214
with an elongated morphology and the relic B to its north implies a possible connection
between the halo and the shock wave (van Weeren et al., 2016).
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Figure 6.5: Left: Spectral index map of the radio halo between 150MHz and 1.5GHz at 16′′
resolution. Contour levels are drawn at [1, 2, 4, 8, . . . ] ×4.5σrms, where σrms = 16µJybeam−1 and are
from the VLA image. Right: Corresponding spectral index uncertainty map. (Figure adopted from
Rajpurohit et al., 2017).
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The VLA and LOFAR images allow us to create the spectral index map for present
radio halo at high resolution with high accuracy. To make the spectral index map of
the halo between 1.5 GHz and 150 MHz, we employ the same weighting and uv-cut, as
mentioned in Section 6.2.1. We convolve the LOFAR and VLA images to a common
resolution. Pixels with ﬂux densities below 5σrms in each of the images were blanked
before making spectral index maps. We did not subtract the extended or point like
discrete sources, however, these sources can be well identiﬁed from the halo emission.
The 11′′ spectral index map presented here is used to study the variation of the spectral
index when moving from north to south since, we cannot study this variation at higher
resolution, e.g., 16′′ map. We note that the spectral index uncertainties across the halo
are very small and at such a high resolution, these are by far one of the best resolved
spectral index maps of a halo ever made.
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Figure 6.6: Left: VLA 1-2GHz image depicting the regions where spectral indices were extracted.
The image has a resolution of 16′′. The green boxes have a width of 16′′ while red one of 11′′ . Right:
Extracted spectral index across relic B1 and the radio halo, from north to south. Here, ‘relic+halo’
indicates the combined emission from the Toothbrush and the halo. Systematic uncertainties in the
flux-scale were included in the error bars.
The spectral index map of the radio halo at 16′′ is shown in Figure 6.5. The spectral
index across the entire halo varies between −2.0 and −0.95 and shows a slight gradient
from north to south. As argued earlier there is a region where, the halo dominates
the surface brightness at 1.5GHz while the relic dominates at 150MHz; this region is
denoted as ‘relic+halo’.
The spectral index distribution from north to south, covering the B1 region of the
Toothbrush and the entire radio halo is shown in Figure 6.6 right. Moving from the C1
towards C2, the spectral index varies mainly between −0.90 to −1.90. The spectrum
ﬁrst steepens in the post-shock regions to −1.90 (360 kpc). After this, the spectrum
gradually ﬂattens over a distance of about 400 kpc (relic+halo region). For a distance
of 800 kpc, the spectrum remains relatively constant with a mean of −1.16 (central halo
region). Interestingly, on a smaller scale, the southern edge of the halo region appears
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Figure 6.7: Left: High resolution spectral index map of the radio halo between 150MHz and
1.5GHz at 11′′ resolution. The contour levels are drawn at [1, 2, 4, 8, . . . ] × 4.5σrms, where σrms =
12µJybeam−1 and are from the VLA image. The color bar shows spectral index α from −2.4 to −0.6.
Right: Corresponding spectral index uncertainty map.
slightly steeper. Moreover, we do not ﬁnd a region with a steeper spectral index at the
eastern part of the halo towards relic E, as found by van Weeren et al., 2016.
The high resolution spectral index map of the radio halo in 1RXS J0603.3+4214 is
shown in Figure 6.7. It is evident from this map that the spectrum is steeper in the
southern part of the radio halo than the rest of the halo. To study the spectral dis-
tribution across the radio halo, we extracted the spectral index in several regions as
indicated in Figure 6.6 left panel by red boxes. The regions where the indices were
extracted correspond to boxes with the physical sizes of about 36 kpc.
The resultant plot is displayed in Figure 6.8. Out of 278 boxes, 13 boxes with spectral
index between −0.95 to −1.00 were excluded because of contamination by other sources
(compact and extended). The spectral index across the central region of the radio halo
varies mainly between −1.05 and −1.25. To estimate the measurement uncertainties,
we followed the approach by Cassano et al. (2013). We ﬁnd a raw scatter of 0.05
around the mean spectral index. For the radio halo in 1RXS J0603.3+4214, the spectral
variations are much smaller than that of the radio halo in A665, A2163, A520, A3562,
1E 0657-55.8, and A2744 (Feretti et al., 2004a; Giacintucci et al., 2005; Orrú et al.,
2007; Shimwell et al., 2014). As also seen in Figure 6.5, the southern end of radio halo
is steeper and shows a clear spectral index gradient, see Figure 6.8.
6.2.4 Spectral index and temperature distribution
For the radio halo in Abell 2744, a point-to-point correlation has been observed for
the ﬁrst time, indicating that halo regions with ﬂat spectra correspond to regions with
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Figure 6.8: Spectral index distribution across the radio halo between 150MHz and 1.5GHz. The
regions where we extract the spectral indices are shown in Figure 6.6 left panel with red. The region
numbering is raw wise (from north to south).
hotter temperatures (Orrú et al., 2007). Such a trend is expected, since a fraction of
the gravitational energy which is dissipated during cluster merger events into heating
thermal plasma, is converted into re-acceleration of highly relativistic particles and
ampliﬁcation of the ICM magnetic ﬁeld. However, a recent study of the same radio
halo by Pearce et al., 2017 reveals that there is no statistically signiﬁcant correlation.
For the present radio halo, the point to point comparison of our high resolution spectral
index map to that of the temperature map does not show any correlation. Hence, we
conﬁrm that there is no strong correlation between the radio spectral index and X-
ray temperature. However, the southernmost part of the radio halo, i.e., Region S, is
characterized by a hot ICM, namely T = 14-15 keV (Figure 3.2 right panel) but shows
steeper radio spectrum.
6.2.5 Connection between the relic and the halo ?
The spectral index map of the Toothbrush shows a strong steepening in the downstream
areas, while in the relic+halo region, the spectrum ﬂattens progressively. It has been
speculated that this spectral behavior indicates a possible connection between shock
and turbulence (van Weeren et al., 2016). We note that at 150MHz, see Figure 6.1, the
brush region appears wider with several streams coming out of it, extending from the
north to the south. The surface brightness across these streams is very high and the
whole emission in this region is mainly dominated by the relic. In contrast, at 1.5GHz
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the same region is dominated by the halo emission. Therefore, the strong steepening
and gradual ﬂattening of the spectrum in the ‘relic+halo’ region could be due to the
projection of the halo and the relic emission. It has been suggested, that the relic lies
behind the cluster (Kierdorf et al., 2016). Hence, the relic and halo could be separated
physically, but in projection, one ﬁnds the gradual steepening and ﬂattening.
The southern boundary of the radio halo is relatively well deﬁned and coincides with the
southern shock front reported by van Weeren et al. (2016). This part of the radio halo
was speculated to be a fainter relic but a uniform spectral index distribution disfavored
this scenario. Our spectral index map reveals a spectral index gradient across region S,
where the spectrum steepens to −1.4 in some areas. In addition, the region S doesn’t
appear to be associated with the rest of the halo where the radio emission shows clear
similarity to the X-ray emission. The total extent of region S at 1.5GHz is about
700 kpc. This region is also characterized by a hot ICM as expected for downstream
emission of the southern shock front. Considering all evidences, we suggest that the
southern part of the radio halo is actually a fainter relic.
6.3 Summary
We presented deep 1-2GHz VLA images of the radio halo in the galaxy cluster 1RXS
J0603.3+4214. Our observations conﬁrm a giant radio halo present in the cluster. The
main results are:
1. The VLA images revealed at least 32 discrete sources, together with several head-
tail radio galaxies within the halo region that were not detected in perviously
published observations.
2. The radio morphology of the central part of the halo shows close similarity to the
X-ray emitting gas. However, the southernmost part of the radio halo appears
distinct and may have a diﬀerent origin.
3. We ﬁnd that in the central part of the halo, the radio brightness correlates well
with the X-ray brightness. A power-law correlation is found between the radio
and X-ray surface brightness.
4. The VLA and the LOFAR data allowed us to create a spectral index map of the
radio halo with high accuracy. We ﬁnd that the mean spectral index across the
central part of the halo is α = −1.16± 0.05. The spectral index of the halo also
shows a slight gradient from north to south.
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5. In the southernmost part of the radio halo, the radio spectrum is steeper than in
the central part of the halo, suggesting a possible connection with the southern
shock front detected in Chandra observations.
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Polarization analysis of the
Toothbrush
Observations at radio wavelengths provide the best method for detecting magnetic
ﬁelds. However, magnetic ﬁelds in the ICM are notoriously diﬃcult to determine, the
low density regions in the outskirts are even more challenging. Radio relics are unique
probes of the properties of magnetic ﬁelds in the outskirts of galaxy clusters. Several
radio relics are known to be polarized, some with high degree of polarization fraction,
namely 50% to 60%. The polarization vectors (B-vectors) is often found to be well
aligned with the shock surface. Hence the information about the magnetic ﬁeld in the
relics can be derived through the study of polarized emission.
In this chapter, we present the VLA L-band polarimetric observations of the Tooth-
brush. We ﬁrst discuss the Faraday eﬀect, Rotation Measures (RM) studies and de-
polarization. We also introduce the Rotation Measure Synthesis (RM-synthesis) to
understand the structure of the magnetic ﬁelds.
7.1 Faraday Rotation
One of the most important physical eﬀects to consider when discussing radio polari-
metric observations is Faraday rotation. Magnetic ﬁeld are present in many locations
throughout the Universe, from our own galaxy Milky way, to other galaxies and clus-
ters. When a linearly polarized radio wave propagates through a magnetized plasma,
this plasma acts as a Faraday screen and rotates the plane of polarization. This phe-
nomenon is called Faraday Rotation. The plane of polarization of the radio wave is
rotated by an amount which depends on the Rotation Measure (RM) (Burn, 1966):
ψobs(λ) = ψint + RMλ
2, (7.1)
where ψobs(λ) is the observed position angle at wavelength λ and ψint is the intrinsic
polarization angle, i.e., the angle before the plane of rotation. The RM could be
determined using a linear least-square ﬁt to the polarization angle as a function of
frequency, i.e., RM = ∆ψ
∆λ2
. However, one major diﬃculty involved in determining the
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RM in this way is the polarization angle is observationally constrained to values between
0 and π, leaving a freedom of addition of ±nπ which leads to the so called nπ-ambiguity.
To solve this issue, one usually observes the linearly polarized source at at-least three
diﬀerent wavelengths, which removes the nπ-ambiguity.
The RM is related to magnetic ﬁeld via
RM = 812
∫
LOS
neB‖dl. (7.2)
where RM, the electron density (ne), the magnetic ﬁeld (B‖) component along the
line of sight, and the path length (l) are in the units of radm−2, cm−3, µG, and
pc, respectively. However, the situation becomes complex when multiple emission or
rotation screen exist along the line of sight. The angle of Faraday rotation for multiple
rotating or emitting screens along the line of sight is characterized by the Faraday
depth (φ) instead of the RM. Following Burn (1966), Faraday depth is deﬁned as ,
φ = 812
∫ observer
source
neB‖dl. (7.3)
In general, for a mixed Faraday rotating and synchrotron emitting medium, the ob-
served polarized intensity originates from a range of Faraday depths.
7.1.1 RM Studies of Galaxy Clusters
Rotation measure studies of galaxy clusters indicate that magnetic ﬁeld exit on large
scales in the ICM (Eilek and Owen, 2002; Pratley et al., 2013; Perley and Taylor, 1991;
Feretti et al., 1995; Feretti et al., 1999; Govoni et al., 2017). The Coma cluster has
been one of the most important targets for RM studies. A ﬁrst statistical analysis
was performed by (Kim, 1990), who analyzed 18 radio sources and found larger RM
in the inner part of the cluster. They reported that the magnetic ﬁeld is of the order
of ∼ 2µG and a cell size in the range 10-30 kpc. Later on Feretti et al. (1995) found
that ﬁeld is of the oder of ∼ 6µG with a cell size of ∼ 1 kpc. Recently, Bonafede et al.
(2013) analyzed the Coma cluster and were able to recover RMs for multiple resolved
sources, including the relic. To investigate how well various models of the gas density
distribution reproduce the observed RM trends, they used the mean (<|RM|>) and
standard deviation (σRM) of the RM as a function of radius.
The comparison of the RM maps with the numerical simulations of the magnetic ﬁeld
power spectrum revealed that while some models replicate the distribution in the main
body of the Coma cluster, none were able to replicate the trend close to the radio
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relic, unless the magnetic ﬁeld is further ampliﬁed in that particular region. Bonafede
et al. (2013) also investigated the radial proﬁle and reported that <|RM|> decrease
with the distance from the cluster centre, indicating that the magnetic ﬁeld proﬁle
decreases radially. The σRM proﬁle also decreases with the distance from the cluster
centre, suggesting magnetic ﬁeld ﬂuctuations over a range of spatial scales.
7.2 Depolarization
When the mixture of Faraday depth along the line of sight causes the reduction of
the fractional polarization, the source is subjected to depolarization. There are several
eﬀects which decrease the fractional polarization of a radio source. These eﬀects could
be divided into two categories, instrumental and physical eﬀects. The instrumental
eﬀects are of two types: beam and bandwidth depolarization. The observations are
performed with a ﬁxed bandwidth and spatial resolution. According to Equation 7.1,
the polarization angle rotates as a function of the wavelength. Therefore, within a fre-
quency band, this causes a change in polarization angle from one frequency to the other,
causing the bandwidth depolarization. This eﬀect could be minimized by reducing the
bandwidth and by using RM-synthesis technique (see Section 7.6). On the other hand,
the beam depolarization is caused by the polarized emission with diﬀerent polarization
angles within the telescope beam as the beam smoothens out the polarization with
diﬀerent polarization angles. The only way to correct for the beam depolarization is
by observating at a suﬃciently high angular resolution.
The physical eﬀects are all wavelength dependent and could be mainly classiﬁed into
two types:
Internal Faraday dispersion (IFD): Depolarization by the internal Faraday dis-
persion occurs when the emitting and rotating regions are intermixed and contain a
random magnetic ﬁeld. A random magnetic ﬁeld produces diﬀerent amounts of Fara-
day rotation within the beam and the polarized signal suﬀers from depolarization if the
beam passes through many random directions. For IFD, Burn (1966); Sokoloﬀ et al.
(1998) reported that
p = p0
1− exp(−2λ4σ2RM)
2λ4σ2RM
, (7.4)
where σRM is the dispersion in the Rotation measure.
External Faraday dispersion (EFD): Depolarization by the external Faraday dis-
persion occurs when there is a non-emitting Faraday screen between the observer and
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the source of synchrotron emission. For a region that is not emitting synchrotron ra-
diation, the only way to cause depolarization is through a random magnetic ﬁeld or
by varying the magnetic ﬁeld within the beam. For EFD, Burn (1966); Tribble (1991)
reported that
p = p0 exp(−2λ4σ2RM). (7.5)
7.3 Toothbrush: previous polarization studies
The WSRT observations revealed that the Toothbrush is highly polarized over its entire
length, with a polarization fraction of up to 60% at 4.9 GHz (van Weeren et al., 2012a).
The electric ﬁeld vectors are mainly perpendicular to the Toothbrush, except at the
eastern end of B1. At 4.9GHz, the polarization fraction across region B1 is between
15% to 30%, while for region B2 the polarization fraction is around 50%. However, at
low frequencies (in L-band), the polarization fraction drops signiﬁcantly, in particular
at B1. At 1.38GHz, the polarization fraction for region B3 is as high as 40% but for
for B1 region it is below 1%.
Recently, Kierdorf et al. (2016) reported high frequency polarization observations of
the Toothbrush, with the Eﬀelsberg 100m telescope, taken at 4.85GHz and 8.35GHz.
They found that at 8.35GHz, the polarization fraction strongly varies across the relic,
with 15% in region B1, a maximum of 45% in region B2 and 30% in region B3. At
4.85GHz, their results, for all three components, are similar to those obtained by van
Weeren et al. (2012a).
Kierdorf et al. (2016) also found a signiﬁcant depolarization for B1 region of the Tooth-
brush between 8.35GHz and 1.38GHz. They reported that the depolarization in region
B1 is due to a decrease in electron density and strength of the turbulent magnetic ﬁeld.
7.4 VLA L-band polarization imaging
After calibrating the VLA data, as described in Section 3.2.1, we produced the Stokes
I, Q, U, and V images of the target ﬁeld. We include data from all conﬁgurations,
i.e., A , B , C, and D, to create Stokes IQUV images. In order to apply RM-synthesis
(see Section 7.6) to our L-band VLA data, we create Stokes IQUV maps of every
four neighboring frequency channels to avoid the bandwidth depolarization. Imaging
was always done using robust=0 weighting. All Q, U and V channelized map were
convolved to the same beam size and were corrected for the primary beam attenuation.
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We do not ﬁnd any signal in Stokes V image. This is expected as most of the radio
sources only shows linear polarization.
We inspected all Q and U maps to remove the maps aﬀected by RFI. From the Stokes
I, Q and U images, we determine the linear polarized intensity (p =
√
Q2 + U2),
polarization angle (ψ = 0.5 tan−1 U
Q
), and polarization fraction (m =
√
(Q2+U2)
I
).
7.5 Polarization maps
In Figure 7.1, we show the VLA 1−2GHz polarization intensity image of the cluster
at diﬀerent resolutions. Our measurements show that the relic is polarized over its
entire length. The fractional polarization changes systematically along the relic. The
outer part of the handle (B3) is signiﬁcantly polarized in L-band. We ﬁnd that the
inner part of the handle (B2) is still polarized in L-band, but signiﬁcantly less than
B3. For region B3 and B2, the average degree of polarization measured from the
35′′ resolution map, are ∼ 14% and ∼ 3%, respectively. The obtained values are
in agreement with those reported by van Weeren et al. (2012a) using the WSRT L-
band data. However, the degree of polarization extracted from the 5′′ resolution map
for region B3 and B2 are ∼ 26% and ∼ 11%, respectively. This implies that the
degree of polarization increases with increasing resolution. At low resolution, regions
with diﬀerent polarization characteristics smoothens the polarization of the source and
therefore, the measured polarization is less than the true polarization. This eﬀect will
be less if the source is imaged at a higher resolution and our investigation conﬁrms
this.
The VLA 1−2GHz high resolution polarization intensity image of the Toothbrush with
a restoring beam of 2.′′25 × 2.′′25 is shown in Figure 7.2. At such a high resolution the
relic is also polarized over its entire length. The polarized intensity is patchy and
follows the ﬁlamentary structure seen in the total intensity images. The polarization
fraction across the Toothbrush varies strongly between 2% and 60%, where it can be
measured, see Figure 7.3.
At such a high resolution, our measurement shows that region B3 is highly polarized
at 1−2GHz, as high as 60%. The average value of the polarization fraction across the
whole B3 region is about 26%. Interestingly, the arc-shaped ﬁlament, labelled as F1,
is the only region within B3 where the polarization fraction is less than ∼ 6%.
At B2 region, the polarization fraction is mostly between 5% to 25% and varies sig-
niﬁcantly. The maximum polarization fraction is measured across the northern edge of
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Figure 7.1: VLA 1−2GHz polarization images of the Toothbrush at different resolutions. These
images were made by combining A, B, C, and D configuration data, using robust weighting, and
tapered to different resolutions. Top: panel (a) at 35′′ × 35′′ where σrms = 32µJy beam−1 and panel
(b) at 25′′ × 25′′ where σrms = 26µJy beam−1. Bottom: panel (c) at 12′′ × 12′′where σrms = 14µJy
beam−1 and panel (d) at 5′′×5′′ where σrms = 8µJy beam−1. In all images, contour levels are drawn
at [1, 2, 4, 8, . . .] × 4σrms and are from the Stokes I image.
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Figure 7.2: High resolution 1−2GHz VLA polarization intensity image of the Toothbrush. The
image has a resolution of 2.′′25×2.′′25. The contour levels are drawn at [1, 2, 4, 8, . . . ] × 4.5σrms, where
σrms = 6µJy beam
−1 and are from the Stokes I image.
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Figure 7.3: VLA 1−2GHz polarization fraction image of the Toothbrush. The image has a resolution
of 2.′′25× 2.′′25. The contour levels are drawn at [1, 2, 4, 8, . . . ] × 4.5σrms, where σrms = 6µJy beam−1
and are from the Stokes I image.
the twist region, see Figure 7.3. In the double strand, we ﬁnd that the northern strand
is moderately polarized while the southern is unpolarized.
In the total intensity image of the Toothrush several strands are visible to the east
of the B2 region, see Figure 4.3. In the polarized intensity image these strands are
easily distinguishable (Figure 7.1 panel d and Figure 7.3). At B1 region, the degree
of polarization drops below 3%. However, the northern edge of the ridge is slightly
polarized, see Figure 7.2.
7.6 RM Synthesis
The Rotation Measure Synthesis Technique (RM-synthesis) was ﬁrst developed by
Brentjens and de Bruyn (2005) to recover the extended polarized emission in the
Perseus cluster. The technique is based on the theoretical description of Burn, 1966.
According to the Burn (1966), the polarization (P ) can be written as a complex vector
P (λ2) =
∫ ∞
−∞
mI exp(2i[ψint + φλ
2])dφ, (7.6)
where m is the fractional polarization. By introducing a function, F (φ), in Equa-
tion 7.7, we get
P (λ2) =
∫ ∞
−∞
F (φ) exp(2iφλ2])dφ. (7.7)
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In Equation 7.7, F (φ) is known as the Faraday dispersion (FD) function. The FD
distribution describes the amount of polarized ﬂux density that has undergone a certain
amount of Faraday rotation at a certain Faraday depth. If the intrinsic polarization
angle (ψint) is constant as a function of λ, then F (φ) can be measured as
F (φ) =
∫ ∞
−∞
P (λ2) exp(−2iφλ2])dλ2. (7.8)
According to Brentjens and de Bruyn (2005), the reconstructed Faraday spectrum can
be written as:
F˜ (φ) =
∫ ∞
−∞
P˜ (λ2) exp(−2iφ[λ2 − λ20])dλ2 = F(φ) ⋆ R(φ), (7.9)
where R(φ) is known as the Rotation Measure Spread Function (RMSF) and is deﬁned
as:
R(φ) = K
N∑
i=1
W (λ2i ) exp(−2iφ[λ2i − λ20]), (7.10)
K =
(
N∑
i=1
W (λ2i )
)−1
, (7.11)
where W (λ2i ) is the sampling function and represent the bandwidth of the telescope
data. Therefore, applying RM-synthesis to the channelized Stokes QU data leads to a
data cube, whose third axis determines the Faraday depth. Since the ﬁnite frequency
band produces an RMSF with sidelobes, the deconvolution might be necessary and is
done with the deconvolution algorithm called RM CLEAN (Heald, 2009)
The RM spectra of the Toothbrush have been little studied so far. van Weeren et al.
(2012a) found a peak RM value for the B3 region of +10 radm−2 and a signiﬁcant RM
gradient for the B2 region. Kierdorf et al. (2016) found a signiﬁcant RM gradient across
the entire relic and suggested that it is caused by an intergalactic foreground magnetic
ﬁeld. However, the RMs derived in these observations could be aﬀected by averaging
over signiﬁcant local variations. Hence, a signiﬁcantly better spatial resolution, higher
sensitivity, and wide frequency coverage is required to shed light on the magnetic ﬁeld
and Faraday structure of the polarized Toothbrush emission.
We performed a RM-Synthesis on the VLA data using cubes of the Stokes Q and U
images, with a resolution of 12′′ × 12′′. The RM-synthesis cube synthesizes a range of
Faraday depths from −1200 radm−2 to +1200 radm−2, with a step size of 2 rad m−2.
Since the maximum sensitivity is desired for this, we use the entire wide-band 1−2GHz
GHz data. These data give a sensitivity to the polarized emission up to a maximum
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observable Faraday depth (φmax) and the resolution in faraday depth (δφ) equal to
| φmax | ≈
√
3
δλ2
≈ 1.9× 105radm2,
δφ ≈ 2
√
3
∆λ2
= 58 radm−2,
(7.12)
where, ∆λ2 = λ2max − λ2min.
Figure 7.4: Left :Rotation measure spread function (MSF) from the 1−2GHz VLA data. The
FWHM of the RMSF is 58 rad m−2.Right : Rotation Measure map of the Toothbrush at 1−2GHz.
The image has a resolution of 12′′ × 12′′. The contour levels are drawn at [1, 2, 4, 8, . . . ] × 4.5σrms,
where σrms = 14µJy beam
−1.
The RMSF is shown in Figure 7.4 left panel. The ﬁrst sidelobe of the RMSF is about
40%. Therefore, in order to remove the sidelobes, we use RM CLEAN algorithm (Heald,
2009), cleaning down to 5σ level of the Q and U cubes.
In Figure 7.4 right panel, we show the Rotation Measure map (or Faraday map). The
map basically represents the distribution of the peak of |F˜ (φ)|. For the Toothbrush,
φpeak vary spatially from about −60 to +110 rad m−2, which is larger than what was
report by van Weeren et al. (2012a), i.e., −53 to +55 radm−2. The galactic Rotation
Measure at the location of 1RXSJ0603.3+4214 is about 11.7± 4 rad m−2. For region
B3, φpeak is between +8 radm
−2 to +53 radm−2. The mean RM is close to the galactic
foreground, however, some regions with a distinct morphology, for instance F1, show a
shift in the RM.
For region B2, we ﬁnd a strong gradient from −56 to +60 radm−2. For region B1, we
also ﬁnd a strong gradient between −54 to +110 radm−2. The peak in the Faraday
depth (φmax) for regions B2 and B1, deviates from the average galactic foreground,
indicating that the most of the Faraday rotation in these regions is probably caused
by the ICM.
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7.6.1 Faraday spectra
Our new VLA wideband data allow a detailed investigation of single or multiple RM
components, either along the line of sight or intrinsic to the source itself using the
RM-synthesis technique. In this section, we show the results obtained from the RM-
synthesis for two of the components of the Toothbrush, namely B2 and B3.
7.6.1.1 B3 region
The Faraday spectra of region B3 is shown in Figure 7.5 left panel. For B3, we ﬁnd
multiple peaks in the Faraday spectra, extracted from the clean components.
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Figure 7.5: Left : Faraday spectrum of B3 region extracted from the uncleaned (blue), RM-CLEAN
(green) and the clean component (red) Faraday cube. Right : polarization angle vs. λ2 for region B3.
The dashed line is a linear fit. The Rotation Measure (RM) obtained from the linear fit 11.1 ± 0.5
rad m2.
The dominant peak is found at about +9 radm−2, while the second and third peaks
are found at +12 radm−2 and +19 radm−2, respectively. The φpeak for region B3 is
very close to the average galactic foreground value, indicating that it does not pass
deep into the ICM. The deep Chandra observation conﬁrms the same that, region B3
extends into a region where the ICM is not so dense.
For the entire B3 region, we also derive the RM value using the RM-ﬁt method (Equa-
tion 7.1). The resultant plot is shown in Figure 7.5 right panel. A linear ﬁt to the data
gives a RM of +11.1± 0.5 radm−2, which is consistent with the one obtained from the
RM-synthesis technique.
We investigate how the φpeak varies within the B3 region with distance increasing from
the west to east. To extract the φpeak, we created square shaped boxes as shown in
Figure 7.6 right panel. The resultant plot is shown in Figure 7.6 left panel. The western
end of region B3, i.e., arc-shaped ﬁlament (F1), shows a high value of φpeak, namely
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Figure 7.6: Left : RM variation across B3 region of the Toothbrush with respect to the distance when
moving from west to east. Right : Regions used to extract the Faraday spectra at different positions
across region B3.
+40 radm−2. After that the φpeak remains more or less constant, i.e., +9 radm
−2. At
the eastern part of the region B3, φpeak is between +12 radm
−2 to +19 radm−2. We
notice that the high value of φpeak corresponds to the ﬁlamentary structures visible
within the B3 region.
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Figure 7.7: Left : VLA 1−2GHz polarization B-vector map of region B3. The total polarized
intensity is shown in color scale. The vectors depict the polarization B-vectors. The image has a
resolution of 2.′′25 × 2.′′25. The contour levels are drawn at [1, 2, 4, 8, . . . ] × 4.5σrms, where σrms =
6µJy beam−1 and are from the Stokes I image. The vectors are corrected for the effects of Faraday
rotation. The length of B-vectors is same and does not represent the polarization fraction. Right :
Depolarization of the B3 and B2 component.
The distribution of the magnetic ﬁeld vectors for region B3 after correcting for Faraday
rotation is shown in Figure 7.7 left panel. The B-vectors are more or less parallel to
the relic extension.
The fractional polarization in B3 region of the Toothbrush decreases only moderately
towards longer wavelengths, see Figure 7.7 right panel. The polarization fraction
across region B3 decreases from about 30% to about 18% with increasing wavelength.
Moreover, we ﬁnd that the depolarization found in B3 region does not agree with the
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IFD or EFD. The polarization fraction across the B3 region decreases from about 21%
to about 8% with increasing wavelength.
7.6.1.2 B2 region
The Faraday spectra of region B2 shows a complicated FD distribution. It has been
reported that the RM distribution across B2 region shows a strong RM gradient from
east to west, namely −10 radm−2 to +55 radm−2 (van Weeren et al., 2012a). Our VLA
L-band data shows a dominant peak at about +19 radm−2 plus several other fainter
peaks, see Figure 7.8 left panel. The φpeak for region B2 deviates from the galactic
foreground value, indicating that it is located deeper into the ICM. The average RM
is about +19 radm−2 for the B2 region. However, we ﬁnd that distinct ﬁlamentary
structures in the B2 regions show a large shifts in the RM, about 50 radm2.
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Figure 7.8: Left : Faraday spectrum of B2 region extracted from the RM CLEAN (green) and the clean
component (red) Faraday cube. Right : VLA 1−2GHz polarization B-vector map of region B2. The
total polarized intensity is shown in color scale. The vectors depict the polarization B-vectors. The
image has a resolution of 2.′′25×2.′′25. The contour levels are drawn at [1, 2, 4, 8, . . . ] × 4.5σrms, where
σrms = 6µJy beam
−1 and are from the Stokes I image. The vectors are corrected for the effects of
Faraday rotation. The length of B-vectors is same and does not represent the polarization fraction.
The distribution of B-ﬁeld vectors for region B2 after correcting for Faraday rotation
is shown in Figure 7.8 right panel. In contract to the region B3, the orientations of
the B-vectors changes across the B2 region.
7.7 Summary
We presented the VLA 1−2GHz polarization maps of the Toothbrush. The main
results are:
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1. The Toothbrush is polarized over its entire length in the VLA L-band. The
polarization intensity appears patchy and show some ﬁlamentary structures, as
seen in the total intensity image.
2. We ﬁnd that region B3 is strongly polarized, as high as 60%. The degree of
polarization across the Toothbrush decreases from B3 to B1 region. For B1, the
polarization fraction drops below 3%.
3. The degree of polarization depends on the image resolution. We ﬁnd that the
polarization fraction increases with increase in the image resoltuion.
4. The Faraday depth value for region B3 is close the average galactic foreground,
namely +9 rad m−2. At the arc-shaped ﬁlaments, labelled as F1, the polarization
fraction drops signiﬁcantly. We ﬁnd that the RM value across the arc-shaped
ﬁlament is high, namely +40 rad m−2, as compared to the rest of the areas
within B3. We ﬁnd that the fractional polarization of the B3 region decreases
only moderately towards longer wavelength within the L-band.
5. The Faraday depth value of the B2 and B1 regions deviates from the average
galactic foreground, indicating that B1 and B2 are located deeper into the ICM
of the cluster. We ﬁnd that the RM value varies strongly across the region B2
and B1.
6. The ﬁlamentary features in the low density region (B3) show a shift in RM of
about +30 radm−2. In denser regions (B2) the shifts increases to values of about
+50 radm−2.
7. The brush region of the Toothbrush depolarizes at 1−2GHz, suggesting that it
is located in a region that a signiﬁcant amount of ICM lies in front and thus,
depolarizes the emission.
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Chapter 8
A radio relic in CIZAJ0649.3+1801
8.1 CIZAJ0649.3+1801
The galaxy cluster CIZAJ0649.3+1801 is located at a redshift of z = 0.064 and a
galactic latitude of b = 7.66◦. The cluster was ﬁrst discovered by Ebeling et al. (2002).
Together with seven other clusters, it forms part of a supercluster in the Zone of
Avoidance (ZOV) near the galactic anti-center and is hidden by our galaxy, the Milky
Way. This association is the most notable concentration of clusters in the CIZA cluster
sample (Kocevski et al., 2007).
CIZAJ0649.3+1801 is a very little studied galaxy cluster. It has a moderate X-ray
luminosity of LX,0.1−2.4 keV = 2.34 × 1044erg s−1. In the radio band, the cluster was
observed at 610 MHz with the GMRT (van Weeren et al., 2011). A diﬀuse elongated
radio source has been found at the periphery of this cluster with no obvious optical
counterpart and has been tentatively classiﬁed as a relic. Only a few relics has been
found so far at low galactic latitudes because extragalactic objects are diﬃcult to
identify in this region of the sky (see Kraan-Korteweg and Lahav, 2000, for a review).
Since CIZAJ0649+18 is located in the ZOV, studying the radio emission is diﬃcult,
in particular the polarization of the objects as galactic foreground strongly aﬀects the
polarization properties of any extragalactic source.
8.2 WSRT observations of CIZAJ0649.3+1801
The cluster was observed with theWSRT at three diﬀerent frequencies, namely 1.23GHz,
1.39GHz, and 1.71GHz (PI R. J. van Weeren). The maxi-short conﬁguration was used
with the pointing of the telescope at the centre of the cluster. The L-band WSRT ob-
servations are summarized in Table 8.1. The WSRT data gives a total integration time
of about 34 hrs on the target ﬁeld. A total bandwidth of 160MHz was recorded, spread
over eight spectral windows, each divided into 64 channels. All four circular polariza-
tion products were recorded. For each night, the two calibrators, i.e., 3C48 and 3C286,
were observed for 30 minutes, immediately before and after the target observation.
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Table 8.1: WSRT L-band observations overview
Wavelength 18 cm 21 cm 25 cm
Frequency range 1660-1786 MHz 1321-1460 MHz 1170-1289 MHz
Telescope conﬁguration maxi-short maxi-short maxi-short
Number of IFs 8 8 8
Bandwidth per IF 20 MHz 20 MHz 20 MHz
No. of channels per IF 64 64 64
Polarization all Stokes all Stokes all Stokes
Observation dates Dec 16, 2010 Dec 24, 2010 Dec 26, 2010
Total on-source time 12hr 12hr 12hr
Flux calibrator 3C48 3C48 3C48
Polarization calibrator 3C286 3C286 3C286
Dead antennas RT5, RT3 , RTD RT5 RT5, RT4
8.2.1 Data reduction: calibration
The data were calibrated and reduced with the CASA package (McMullin et al., 2007),
version 4.7.0. The data from three diﬀerent nights were independently calibrated. As
a ﬁrst step in the data reduction, we manually ﬂagged some of the time ranges aﬀected
by the shadowing eﬀect. After this, we determined and applied the system temperature
(Tsys) correction. As a next step, the data were then inspected for RFI removal. The
software AOFlagger (Oﬀringa et al., 2010) was used for removing RFI. Due to the
strong RFI at 18 cm observations, a total of about 50% data were ﬂagged (including
dead antennas i.e., RT5, RT4, and RTD, and those aﬀected by the shadowing). For
the 21 cm and 25 cm observations about 30% data were ﬂagged in total.
We used the L-band 3C48 and 3C286 model provided by the CASA software, and set the
ﬂuxes of the calibrator source according to the Perley-Butler 2013. The initial phase
solutions were obtained for each spectral windows and were subsequently used to correct
for the parallel-hand delays. We ﬂagged the edge channels from each sub-band because
of the roll-oﬀ of the bandpass. Therefore, the data set contains 50 channels per spectral
windows. The bandpass response were determined using the calibrator 3C48. After
the bandpass calibration, we performed the gain calibration for both the calibrators.
The L-band receivers of the WSRT antennas have linearly polarized feeds1. For po-
larization calibration, the data were ﬁrst calibrated for the leakage terms (D-terms)
using the unpolarized calibrator 3C48, while the polarization angle correction and the
cross-hand delays were determined using the polarized calibrator 3C286. In the end, all
the calibration solutions were applied to the target data. The data were then averaged
by a factor of 5 in frequency (i.e., ﬁve channels per spectral windows).
1https://www.astron.nl/radio-observatory/astronomers/analysis-wsrt-data/
analysis-wsrt-data
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.
Table 8.2: Imaging parameter
Wavelength 18 cm 21 cm 25 cm combined GMRT
beam size 75′′ × 60′′ 75′′ × 60′′ 75′′ × 60′′ 63′′ × 25′′ 65′′ × 65′′
weighting Briggs Briggs Briggs Briggs Briggs
robust 0.5 0.5 0.5 0.5 0.5
RMS noise 47µJy 53µJy 58µJy 50µJy 540µJy
8.2.2 Self-calibration and imaging
After initial imaging of the target ﬁeld, we ran several rounds of phase only self-
calibration, followed by two ﬁnal round of amplitude-phase calibration. Imaging was
always performed using the clean masks. To take into account the spectral behavior
of the bright sources, we imaged each band using nterms = 2. The Stokes I image
was created per band using all spectral windows. The images were produced using the
Briggs weighting with robust parameter of 0.5. We subtracted two bright sources
from the uv-data because these two sources were surrounded by rings. However, the
source subtraction reduced the rings around them and improved the image quality.
Finally, the data from 18 cm, 21 cm and 25 cm band were combined to create a single
deep Stokes I image using nterms = 2. The ﬁnal images were corrected for the pri-
mary beam attenuation. The polarization intensity, polarization angle and fractional
polarization images were derived from the Stokes I, Q and U images.
8.3 WSRT radio continuum image
The resultant L-band WSRT total intensity image of CIZAJ0649.3+1801 ﬁeld after
combining the 18 cm, 21 cm and 25 cm data is shown in Figure 8.1. The diﬀuse elon-
gated structure is clearly detected in our WSRT image, labelled as ‘Relic’. The discrete
radio sources embedded within the relic are labelled as A, B and C. The properties of
the diﬀuse radio emission are summarized in Tabel 8.3.
In the WSRT image, the surface brightness across the relic is non-uniform and it
appears patchy, in particular the northern end. The relic is bright in the central region
but fades at the northern and southern corner.
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Figure 8.1: CIZAJ0649.3+1801 total intensity image after combining the WSRT 18 cm , 21 cm
and 25 cm data. The restoring beam is 63′′ × 25′′. Image is created using Briggs weighting with
robust = 0.5 and has a noise level of 50µJy beam−1.
Table 8.3: Flux density measurements and properties of the diffuse radio emission in
CIZAJ0649+1801
frequency total ﬂux density polarized ﬂux density α1470610 LLS M
MHz mJy mJy kpc
1468† 27.1± 2.7 4.7± 0.5 −1.30± 0.04 930 2.8+0.1−0.2
† flux measured after combining all WSRT data
!"#!$%&'$!"()$%&'!"**$%&'
Figure 8.2: The total intensity image of the relic in CIZAJ0649.3+1801 at three different frequencies.
left: at 1.2 GHz, middle: at 1.4 GHz, right: at 1.7 GHz. Contours are drawn at levels of [1, 2, 4, . . . ]×
4.5σrms. The rms values are mentioned in Table 8.2.
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We also created the total intensity maps at three diﬀerent wavelengths, namely 25 cm,
21 cm and 18 cm map, see Figure 8.2. The relic is detected in all three WSRT obser-
vations. However, we notice that the morphology of the total power emission depends
on the observing frequency.
8.3.1 Morphological comparison: WSRT and GMRT
The morphology of the relic in the WSRT image is more or less similar to the GMRT
610MHz image, see Figure 8.3 for comparison. At 1.48GHz the relic is more extended.
In the WSRT images, it has a total angular extent of about 12.5′ corresponding to a
physical size of about 930 kpc, while in the GMRT 610 MHz it is about 800 kpc.
We notice that in the GMRT 610 MHz image the relic is more extended towards the
south-east (SE). In contract, the north-east (NE) part of the relic is more extended
in the WSRT image. However, at both frequencies, i.e. 610MHz and 1.47GHz, the
central region of the relic appears brighter.
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Figure 8.3: A comparison of the radio relic in CIZAJ0649.3+1801 between 1.4GHz and 610MHz.
Left : relic emission at 1.4GHz. Contours are from the WSRT image and are drawn at levels of
[1, 2, 4, . . . ] × 4.5σrms, where σrms = 50µJy beam−1. Right : relic emission at 610MHz. Contours
are from the WSRT image and are drawn at levels of [1, 2, 4, . . . ] × 4.5σrms, where σrms = 540µJy
beam−1.
8.4 Integrated radio spectra
To obtain the integrated spectral index of the relic, we create the radio maps at
1713MHz, 1381MHz,1220MHz, and 610MHz. To ensures that ‘resolving out’ large-
scale ﬂux distribution has a similar eﬀect on both the GMRT and WSRT data, we apply
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an inner uv cut of 0.2 kλ to the GMRT to match the scale of the WSRT data. Here,
0.2λ is the minimum uv-distance in the GMRT data. For imaging, we use robust=0.5
and allow for spectral slopes (nterms = 2). The GMRT and WSRT images were then
convolved to the same beam size, i.e. 65′′ × 65′′.
We assume an absolute ﬂux calibration uncertainty of 10% for the WSRT and GMRT
data. For any ﬂux density measurement, we estimate the uncertainty via
∆S =
√
(0.10S)2 +Nbeams (σrms)2 (8.1)
where S is the ﬂux density, σrms is the RMS noise and Nbeams is the number of beams.
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Figure 8.4: Left : Integrated spectral index map of the relic in CIZAJ0649.3+1801 for 610MHz to
1.7GHz. The region where the flux densities are extracted is shown with a red box in Figure 8.1. Right :
Spectral index map of the relic in CIZAJ0649.3+1801 between 1.4GHz and 610MHz. Contours are
drawn at levels of [1, 2, 4, . . . ] × 4.0σrms, where σrms = 540µJy beam−1 and are from the GMRT
610MHz image.
The total ﬂux densities were extracted in a region where the radio brightness was above
the 4 σ level and using the same area at all observed frequencies, see Figure 8.1 for the
region. The measured ﬂux density of the relic at diﬀerent frequencies are reported in
Table 8.3. Due to the poor resolution of the WSRT, it is not possible to properly take
into account the ﬂux of the compact sources, embedded with the relic. Therefore, we
extract the ﬂux over the entire relic. However, the ﬂux contribution from these point
sources is very small, indicating that the dominant contributor to the ﬂux density is
the relic.
The integrated spectral index of the relic obtained by combining our ﬂux density mea-
surements at 1713MHz, 1470MHz, 1381MHz,1220MHz, and 610 MHz is shown in
Figure 8.4. We ﬁnd a spectral index of 1.30±0.04 for the relic which is typical for most
of the known relics. The spectrum is ﬁtted well by a single power law without any
break in this frequency range. From the integrated spectral index, we derive a Mach
number ofM = 2.8+0.1−0.2.
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8.5 Spectral index map
To create the spectral index map of the relic, we use the WSRT and GMRT images
mentioned in Section 8.4. Pixels with a ﬂux density below 4 σrms in either image were
blanked. The 65′′ resolution spectral index map of the relic between 610MHz and
1.47GHz is shown in Figure 2.2.
The spectral index across the relic varies roughly between −0.78 to −2.0, excluding
the two regions with somewhat ﬂatter spectra located at the western edge of the relic.
A clear spectral index steepening towards the cluster centre is visible, i.e., from west
to east. From spectral index map, we obtain a Mach number of M = 2.8+0.3−0.2 which
agrees to the one derived from the overall spectrum.
Table 8.4: Total intensity and polarization flux density measurements of the diffuse radio emission
in CIZAJ0649+1801
frequency total ﬂux density polarized ﬂux density
MHz mJy mJy
1713 22.3± 2.2 4.9± 0.5
1381 29.0± 2.9 4.7± 0.5
1220 34.5± 3.4 4.2± 0.5
610 82.3± 7.9 -
8.6 Polarization maps
To study the polarization properties of the diﬀuse source, we create Stokes I, Q, and
U images. Our polarization images revels that the relic is highly polarized, as high as
40%-45%, see Figure 8.5. The polarization fraction across the relic varies between 5%
and 45%, where it can be measured. The WSRT observations also shows a decrease in
the polarization fraction towards the lower frequencies, as has been seen for very well
studied radio relics, e.g., in A2256 (Brentjens, 2008), A2255 (Pizzo et al., 2011) and
1RXS J0603.3+4214 (van Weeren et al., 2012b).
The mean value of the polarization fraction at 1.7GHz, 1.4GHz and 1.2GHz are 22%,
16% and 12%, respectively (see Table 8.4).
8.7 Summary
We reported the WSRT observations of the galaxy cluster CIZAJ0649.3+1801. These
observations were conducted at three diﬀerent frequencies, namely at 1713MHz, 1381MHz,
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Figure 8.5: WSRT 1.4GHz polarization maps of the radio relic in CIZAJ0649.3+1801. Left : polar-
ization intensity image overlaid with the total intensity contours. Right : polarization fraction across
the relic overlaid with the total intensity contours. In both the images, contours are drawn at levels
of [1, 2, 4, . . . ] × 4.5σrms, where σrms = 50µJy beam−1.
and 1220MHz. These observations were aimed to investigate the polarization proper-
ties of the diﬀuse emission detected in the cluster. The main results are:
1. We classiﬁed the diﬀuse emission in CIZAJ0649.3+1801 as a radio relic.
2. The relic has an integrated spectral index of −1.30 ± 0.04. The spectral index
map between 610MHz and 1.48GHz shows a hint of spectral gradient towards
the cluster center.
3. The Mach number obtained from the overall spectrum agrees well to the one
obtained from the spectral index map, namelyM = 2.8+0.1−0.2.
4. The multi-frequency WSRT observations reveal that the relic is highly polarized,
as high as 45%, with a mean polarization of ∼ 17% at 1.48GHz.
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Conclusions
In this thesis we aim at improving our knowledge of the origin of diﬀuse radio emission
in galaxy clusters through interferometric radio observations. The presence of diﬀuse
synchrotron emission in galaxy clusters, like relics, halos, and mini-halos, plays a funda-
mental role in understanding the particle acceleration mechanisms and magnetic ﬁeld
properties. The particle acceleration mechanisms which explain the presence of a large
population of relativistic electrons in clusters is debated.
Radio relics are important probes of particle acceleration and magnetic ﬁelds at the
cluster outskirts. Relics are related to ongoing merger events and their association with
the merger driven shocks is now well established. Cosmological shocks are capable of
accelerating particles and amplifying magnetic ﬁelds. In this thesis, we performed a
careful analysis of the galaxy cluster 1RXSJ0603.3+4214 which hosts a bright large
relic, known as the Toothbrush, and a giant elongated radio halo.
The cluster 1RXSJ0603.3+4214 was observed with the VLA using A, B, C, and D
conﬁgurations. The calibration of the wideband data is challenging and time consum-
ing. The bright sources in the ﬁeld need a high dynamic range and every calibration
step should be done carefully. The data handing is also channelling. Thanks to the
wide-band receivers, the ﬁnal images showed a noise level that is very low. For a
restoring beam of 1′′, we achieve a noise level of 2µJy over a broad frequency range
of 1−2GHz. The wideband data lead to high sensitivity and permit high resolution
imaging. This allowed us to reveal detailed structures that are surprisingly not smooth
but may provide insight into magnetic ﬁelds.
Our new VLA observations provide the most detailed image of the Toothbrush so far,
revealing enigmatic ﬁlamentary structures. We found that the bright brush part of the
Toothbrush has a prominent narrow ridge with a clear sharp outer edge. The ridge
has a width of about 25 kpc and branches to the west. The brush region is remarkably
ﬁlamentary and consists of small arc-shaped ﬁlaments, ‘bristles’. The complexity of the
ﬁlamentary structures identiﬁed in the Toothbrush rule out the fact that radio relics are
caused by a smooth shock surface. The spectral index map of the Toothbrush between
150MHz and 1.5GHz shows that the spectral index at the ridge is between −0.70 to
−0.80, indicating a Mach number of M = 3.3+0.4−0.3. We ﬁnd a correlation between the
spectral index map and the brightness across the northern edge of the Toothbrush. Our
investigation shows that a uv-cut has a similar eﬀect on VLA, GMRT, and LOFAR
data. For the Toothbrush, we obtained an integrated spectral index of α = −1.15±0.05,
suggesting a Mach number ofM = 3.8+0.3−0.2.
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The VLA L-band observations allowed us to investigate the polarization properties of
the Toothbrush in detail. The fractional polarization increases towards the periphery
in the frequency range of 1−2GHz. The handle shows a high degree of polarization
in L-band while the brush region of the Toothbrush is almost completely depolarized,
indicating that it is located in a region where a signiﬁcant amount of ICM lies in front
and thus, depolarizes the emission. The fractional polarization across the B3 region
decreases moderately towards longer wavelengths within the L-band. The B1 and B2
regions show complex Faraday spectra, suggesting that some of the Faraday depth
distributions likely arise from the intracluster medium. The Rotation Measure (RM)
synthesis analysis reveals that the ﬁlamentary features in the low density region (B3)
show a shift in RM of about +30 radm−2. In denser regions (B2) the shifts increase to
values of about +50 radm−2.
The radio morphology of the large central region of the halo shows a close similarity to
the X-ray emitting gas, conﬁrming the connection between the hot gas and relativistic
plasma. We ﬁnd that the radio brightness correlates well with the X-ray brightness in
the central region of the halo. The derived power-law shows a slope of b = 1.25± 0.16.
The southernmost region of the halo appears distinct, indicating it may have a diﬀerent
origin. The average spectral index across the central region of the radio halo is α =
−1.16 ± 0.05 and shows a slight gradient from north to south. In the southernmost
part, the radio spectrum is steeper than the halo. The same region also shows a hint
of a spectral index gradient, suggesting a possible connection with the southern shock
detected in Chandra observations. The sensitive and high resolution radio map allowed
us to identify 32 compact radio sources within the radio halo that were not detected
previously. These sources will contribute 25% of the ﬂux measured for the halo, if not
subtracted in low resolution radio maps.
For another cluster CIZA J0649.3+1801, we conﬁrm the presence of a diﬀuse emission
source. The cluster was observed with the WSRT telescope. We ﬁnd that the source
has a steep spectrum with spectral index of α = −1.30 ± 0.04 and shows a spectral
gradient towards the cluster center, which is typical for relics. These observations
revealed that at 1.5GHz, the polarization fraction across the source varies between 5%
to 45%. This evidence suggests that it is a radio relic.
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